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Abstract

The lamina terminalis (LT) consists of the organum vasculosum of the lamina terminalis (OVLT) 

the median preoptic nucleus (MnPO) and the subfornical organ (SFO). All subdivisions of the LT 

project to the ventrolateral periaqueductal gray (vlPAG). The LT and the vlPAG are implicated in 

several homeostatic and behavioral functions including body fluid homeostasis, thermoregulation 

and the regulation of sleep and waking. By combining visualization of c-Fos protein and 

retrograde neuroanatomical tracer we have examined the functional correlates of LT-vlPAG 

projection neurons. Rats were injected with retrograde tracer into the vlPAG and following a one 

week recovery period, they were subjected to either, hypertonic saline administration (0.5M NaCl, 

1ml/100g-i.p.), 24hrs water deprivation, isoproterenol administration (increases circulating AngII; 

50μg/kg-s.c.), heat exposure (39°C for 60 mins) or permitted 180 minutes spontaneous sleep. 

Retrogradely labelled neurons from the vlPAG and double labelled neurons were then identified 

and quantified throughout the LT. OVLT-vlPAG projection neurons were most responsive to 

hypertonic saline and water deprivation. SFO-vlPAG projection neurons were most active 

following isoproterenol administration and MnPO-vlPAG projection neurons displayed 

significantly more Fos immunostaining following water deprivation, heat exposure and sleep. 

These results support the existence of functional subdivisions of LT-vlPAG projecting neurons 

and indicate three patterns of activity that correspond to thermal and sleep wake regulation, 

osmotic or hormonal stimuli.
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Introduction

The lamina terminalis (LT) and associated anteroventral third ventricle region (AV3V) is 

implicated in the regulation of body fluid homeostasis (Andersson et al., 1975; Johnson and 

Buggy, 1978). Its activation by circulating hypertonicity or circulating angiotensin II 

(AngII) stimulates vasopressin secretion and thirst (Aradachi et al., 1996; McKinley et al., 

1982; Richard and Bourque, 1992; Simpson and Routtenberg, 1973; Thrasher et al., 1982). 

The ventral LT (MnPO and OVLT) is responsive to perturbations in temperature and this 

area expresses prostaglandin receptors supporting a role in febrile responses (Lazarus et al., 

2007; Travis and Johnson, 1993). Additionally, a subpopulation of GABAergic neurons 

within the MnPO and possibly the OVLT are activated during sleep compared to waking 

(Gong et al., 2004; Gvilia et al., 2006; Uschakov et al., 2006).

The LT and preoptic area project heavily to the ventrolateral periaqueductal gray (vlPAG) 

(Rizvi et al., 1992; Thompson and Swanson, 2003; Uschakov et al., 2007). The PAG has 

been implicated in pain modulation (Liebeskind et al., 1973), the control of vocalization 

(Jurgens and Pratt, 1979; Larson, 1991), motor behavior (Skultety, 1962), thermoregulation, 

sleep and cardiorespiratory function (Chen et al., 2002; Ni et al., 1990; Ward and 

Darlington, 1987).

Electrical stimulation of the AV3V area (which includes the MnPO, OVLT and medial 

preoptic area) has demonstrated a frequency dependent increase in hindquarter blood flow 

and decreases in mesenteric and renal blood flow, resulting overall in a depressor response. 

Similar changes occur with electrical stimulation of the rostral PAG and lesions of the PAG 

area reduce the hemodynamic responses to AV3V stimulation (Knuepfer et al., 1984). This 

shunting of blood peripherally can allow for better heat exchange/cooling. c-Fos expression 

has also been identified in the rostral PAG following preoptic warming (Yoshida et al., 

2002) and direct connectivity of thermosensitive MnPO neurons projecting to the vlPAG has 

been demonstrated (Yoshida et al., 2005).

Neurons that are active during both nonREM and REM sleep have been localized to the 

MnPO (Gong et al., 2000; Suntsova et al., 2002). The majority of MnPO neurons activated 

during sleep are GABAergic (Gong et al., 2004). MnPO GABAergic neurons exhibit 

increased activity in response to sleep deprivation, indicating a possible role in homeostatic 

sleep regulation (Gvilia et al., 2006). A subset of MnPO sleep active neurons are a source of 

descending projections to the hypothalamic paraventricular nucleus and to the perifornical 

lateral hypothalamus (Uschakov et al., 2006).

The role of the PAG in the regulation of thirst and body fluid homeostasis is unknown 

although modulation of vigilance has been suggested (Denton et al., 1999).
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Therefore, to examine if neurons in the LT that project to the PAG display similar or 

different activations, likely relating to function, we tested a number of stimuli known to 

activate the LT. We analyzed LT to vlPAG projection neurons by combining visualization 

of retrograde tracer with immunostaining for c-Fos protein in separate groups of rats 

subjected to hypertonic saline injection, water deprivation, heat exposure, systemic 

administration of isoproterenol (increases circulating AngII) or spontaneous sleep.

Methods

Prior to experiments, all investigations and procedures were approved by either the Animal 

Ethics Committee of the Howard Florey Institute Australia, or the Animal Care and Use 

Committee at the Veterans Administration of the Greater Los Angeles Health Care System. 

Experiments were performed on male Sprague-Dawley rats obtained from Harlan, Indiana, 

USA (sleep experiments) and the Animal Resource Centre in Willeton, Western Australia. 

Animals weighed between 275-300 grams at the time of tracer injection. Rats were 

maintained on a 12:12 light dark cycle, at an ambient temperature of 22±2°C, with food 

available ad libitum except as noted below. Initially they were prepared with microinjections 

of retrograde tracer and allowed one week for recovery. Experimental procedures were then 

performed on conscious animals.

Microinjection of tracer

For tracer injections, deep anesthesia was induced via an intraperitoneal administration of 

ketamine/xylazine (80mgkg-1/8mgkg-1). Animals were placed in a Kopf stereotaxic frame 

and prepared for aseptic surgery. Borosilicate glass capillaries (O.D. 1.2mm, I.D. 0.69mm) 

were pulled to give micropipettes with a desired tip outer diameter of ∼20μm. Those of high 

standard were filled with fluoro-gold (Fluorochrome, Colorado; 5% in filtered deionised 

water). A General Valve Corporation ‘Picospritzer II’ administered Fluoro-gold via pressure 

pulse (20ms pulse at 40psi) allowing approximately 100nl of tracer to be ejected into 

vlPAG. For the sleep and sleep control experiments, fluoro-gold (5% in filtered deionised 

water ∼300nl) was injected into the vlPAG using a kd-Scientific microdrive at a rate of 

10nl/min. At the time of tracer injection, rats for the spontaneous sleep condition and the 

corresponding control rats received chronic implantation of bilateral stainless steel screw 

electrodes placed in the skull to record the EEG, and a pair of insulated stainless steel wires 

inserted into the dorsal neck muscle to record EMG, as per Bergmann et al (Bergmann et al., 

1987). All injections were made with coordinates at 6.85mm caudal to bregma, lateral to the 

midline 0.6mm with a depth of 6.1mm from the top of the brain. One week post surgery, all 

animals n=47 were surveyed for health and general vitality; those that had recovered well 

were included for further study.

Physiological stimuli

Hypertonic saline administration

At 09.00h (∼2 hrs after lights on), male Sprague-Dawley rats, two per cage (n=6), were 

administered a warm (30-37°C) hypertonic salt load (0.5M NaCl, 1ml/100g) by 

intraperitoneal (i.p.) administration. Control animals, two per cage (n=6), were administered 
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an equivalent volume of warm isotonic saline. Animals were handled briefly and gently to 

minimise stress. Ninety minutes later, they were killed by i.p. injection of pentobarbital (100 

mg/kg), then brains were perfused via the left ventricle of the heart with saline (200 ml) 

followed by 4% paraformaldehyde/phosphate buffered saline (300 ml) and prepared as 

required for Fos immunohistochemistry (see below).

Water Deprivation

Male Sprague-Dawley rats, two per cage (n=5), had their water bottles removed at 09.00 

one-week post surgery. Control animals, two per cage (n=4), were inspected and had their 

water bottles checked at the same time that experimental animals had their water bottles 

removed. At approximately 09.00-09.30h the following day (∼3hrs after lights on), animals 

were killed by i.p. administration of sodium pentobarbitone (100 mg/kg). They were then 

perfused through the left ventricle as described above and their brains prepared for Fos 

immunohistochemistry.

Isoproterenol treatment

At 09.00-09.30 hours (∼3hrs after lights on), animals, two per cage, were independently 

tagged by placing a small mark on their pelt with a felt tipped pen. One rat per cage was 

given isoproterenol (n=4; 50μg/kg in 500μl sterile isotonic saline) administered 

subcutaneously behind the neck. The other served as control and was given 500μl of sterile 

isotonic saline subcutaneously (n=4). After 90 minutes they were killed with i.p. sodium 

pentobarbitone. They were subsequently perfused with saline fixative as described above 

and their brains prepared for Fos immunohistochemistry.

Heat exposure

Two hours after lights on, water bottles were removed from the animals cage (two animals 

per cage) and the cage was then placed into a thermal chamber maintained at 39°C for 60 

minutes (n=5). Control animals (n=6) also had their water bottles removed and were placed 

in the thermal chamber for 60 minutes at standard laboratory temperature (22°C). The 

animals were then placed back in the animal storage facility for thirty minutes at 22°C. The 

animals were then sacrificed and prepared for Fos immunohistochemistry.

Sleep

One week after tracer injection and electrode implantation, animals were placed into the 

recording chamber and attached by the head plug to a cable with suitable counterbalance and 

via that cable to a Grass 15LT physiodata amplifier system for polysomnographic recording. 

The recording chamber was housed inside a sound attenuated, ventilated incubator 

maintained at 22±2°C. Animals were permitted 3-4 days to acclimatize to the recording 

chamber and cables prior to the experimental day. On the experimental day, one group of 

rats (n=3) was left undisturbed and permitted spontaneous sleep for a three hour period 

beginning at the time of lights-on. Sleep was confirmed by polysomnographic recording. 

The control/awake group of animals (n=4) underwent the same surgery, recovery and 

acclimatization protocols, but were kept awake by gentle handling for the corresponding 

three hours following lights-on. For the gentle handling procedure, animals were gently 
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aroused by cue-tip introduction and gentle whisker brushing that was initiated at the earliest 

signs of synchronous EEG activity. After 180 minutes animals in both groups were given an 

anesthetic overdose via i.p. administration of sodium pentobarbitone, perfused and prepared 

for Fos immunohistochemistry.

Immunohistochemical processing for c-Fos

After sacrifice, animals were perfused through the left ventricle of the heart with 200ml 

isotonic saline followed by then 300ml of 4% paraformaldehyde in phosphate buffer (PB; 

0.1M, pH 7.2). The brain was removed and placed in 20% sucrose/PB solution overnight. 

40μm coronal sections were then cut through the LT and the injection site; this tissue was 

then transferred to a 10% solution of normal horse serum (NHS) for one hour at room 

temperature with gentle agitation. Subsequently the sections were transferred to a well 

containing the primary antibody for c-Fos (oncogene; Ab-5, Rabbit Polyclonal IgG, dilution 

1:12,500) with 2% NHS and 0.3% Triton X-100 made up in PB. This was then incubated at 

∼4°C overnight. Tissue sections were then given 3 × 5 minute washes in PB to remove 

unbound antibody and transferred to a well containing the secondary antibody, biotinylated 

anti-rabbit (Vectastain-elite; bio-α Rb) at a dilution of 1:200 in 2% NHS in PB. Sections 

were agitated for 45mins at room temperature and then washed 3 × 5 minutes in PB to 

remove unbound antibody. The tissue was transferred to wells containing the avidin-

biotinylated horseradish peroxidase complex diluted at 1:100 in PB and was gently agitated 

for 45mins at room temperature. Sections were then washed 3 × 5 mins in 0.05M Tris buffer 

at pH 7.6 and subsequently agitated for 10mins in a nickel-diaminobenzidine solution (40mg 

ammonium nickel sulphate, 50mg diaminobenzidine and 100ml Tris buffer). 15μl of 

hydrogen peroxide (30% v/v) was then added and the tissue was left to agitate for a further 

6min. The tissue was then washed in Tris buffer and mounted on gelatine coated slides. 

Mounted slides were then coverslipped using a xylene based media (Depex).

Sleep Analysis

Sleep or awake states were scored in 20-s epochs on the basis of the predominant state in 

each epoch. Non-paradoxical sleep was defined by synchronous high-amplitude EEG 

activity predominantly in the 2-4Hz range, with concurrent low EMG voltage. Paradoxical 

sleep was defined by moderate amplitude EEG activity with dominant theta frequency 

activity (6-8Hz) combined with a low EMG potential difference often interrupted by brief 

spiking events. Wake was defined by asynchronous low-voltage, high frequency EEG 

potential differences with concurrent elevated voltage between EMG electrodes from that of 

sleeping periods. Animals in the spontaneous sleep group attained 70% or more sleep in the 

three-hour period of the experiments; an average of 5% of this was paradoxical sleep. 

Animals in the awake group displayed 15% or less sleep in the three-hour period of the 

experiments. As previous work on the SFO identified negligible c-Fos-IR neurons during 

spontaneous sleep (Uschakov et al., 2006), cell counts were not performed in the SFO for 

the spontaneously sleeping and corresponding control groups.

Injection Sites

Injections of fluoro-gold into the PAG resulted in an intense yellow/gold staining that 

encompassed a sizable area, mostly within the vlPAG. A reproducibly defined area within 
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the midbrain was stained likely due to tracer containment by surrounding fiber tracts (e.g. 

the medial longitudinal fascicle and/or the mesencephalic tract of the trigeminal nerve). The 

area consistently labeled throughout the experiments is represented in Figure 1a. Animals in 

the sleep and wake cohort encompassed the entire area demarcated in Figure 1a due to a 

greater quantity of tracer being injected, all the other injection sites were smaller and located 

within the central region. Animals with tracer injections that deviated from this area of 

staining were excluded from analysis.

Cell Counts

Total retrogradely labeled cells and double labeled cells were counted and grouped 

according to the area in which they were located (i.e. OVLT, MnPO or SFO). The 

ventrolateral preoptic nucleus (vlPOA), extended and core regions, were also counted for the 

sleep cohort as these areas are known to contain sleep active neurons. Counts included all 

neurons in a particular subdivision of the lamina terminalis, i.e. all sections were counted 

throughout the area examined. The OVLT was identified rostrally as the area connecting the 

rostral part of the optic chiasm to the ventral part of the medial forebrain. Caudally, the 

OVLT was determined as the highly vascularized region subjacent to the rostral part of the 

MnPO. The dorsal cap of the OVLT was also included in all cell counts of the OVLT. The 

dorsal cap of the OVLT was considered as that part of the OVLT located atop the 

vascularized region with high cellular density, uniform orientation of cells, and its relative 

distance from the vascularised zone, approximately 50-80μm dorsal (Oldfield et al., 1994; 

Bisley et al., 1996; McKinley et al., 1998). The MnPO was determined rostrally as that area 

directly dorsal to the OVLT, its rostral most/dorsal most boundaries were determined by a 

greater density of neurons to that of the surrounding nuclei/areas. The lateral boundaries 

were also determined on cellular packing density, being greater than the surrounding neural 

parenchyma. A standard guide utilized the lateral walls of the third ventricle as the lateral 

limits to the MnPO. The SFO was determined as the area dorsal/caudal to the MnPO at the 

level where the fornical bundle separates and the third ventricle opens dorsal to the anterior 

commissure. The SFO was most easily recognized at its most rostral extent as the area that 

displayed clustered arrangements of cells distinct from the ventrodorsally orientated cells 

within the dorsal part of the MnPO.

The vlPOA core was counted throughout the preoptic area from −0.1mm A/P from bregma 

to −0.46mm A/P from bregma ipsilateral to the injection site. Cells within the vlPOA core 

were counted within an equilateral triangle grid with a side length of 300μm. The vlPOA 

core was readily recognized without galanin/GAD staining by the location of clustered c-Fos 

cells during sleep or by clustering of retrogradely labeled neurons from the vlPAG. The 

extended vlPOA was considered as that region that extends medially and dorsally from the 

vlPOA core. The area that was counted was an extension of the grid along the lateral 

vertically oriented side of the triangle by 600μm and an extension of the horizontal side of 

the triangular grid by 600μm. c-Fos-IR was detected in retrogradely-labeled neurons 

following Fluoro-gold injections into the vlPAG. The presence of the tracer within the soma 

of any particular neuron did not seem to affect its basal c-Fos production as in no cases were 

all retrogradely labeled neurons double labeled or unlabeled. Only neurons that displayed 

significant morphology of the cell soma as determined by the intensity of retrograde labeling 
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which included the recognition of somatic appendages (dendrites) and significant (>70%) 

portions of the cell nucleus were counted. Counts were conducted at 200× magnification on 

a Nikon Eclipse E600 microscope using standard bright field parameters and a fluorescent 

attachment utilizing a 100-watt high-pressure mercury vapour short arc photo-optic lamp 

(Osram) and a UV-2A filter block for the fluorescent label. Counts were aided with the use 

of a Neurolucida (Microbrightfield) computer aided plotting program incorporating a 

Microfire camera with 2M pixel resolution at a pixel size of 7.4μm × 7.4μm.

Statistical analysis

Statistics were performed on these cell counts with the analytical program, SigmaStat-

version 3.0.1. Excluding the sleep study, these data were analyzed against all the control 

animals as there was no statistical difference between any of the four variables in the control 

groups. The animals in the sleep cohort were analyzed against the wake group only (control 

group; n=4) due to different quantities of tracer being administered into the vlPAG 

compared to the previous studies. The independent-samples t-test was used to analyze these 

data sets. Data was plotted as percentages with respect to the numbers of retrogradely 

labeled neurons that were also c-Fos-IR found throughout the lamina terminalis or the 

vlPOA. Error values (Table 1) indicate the standard error of the mean, significance P < 

0.050 is indicated by an asterisk and all statistical values are included in the text in the 

following format; t(degrees freedom) = x.xx, P = x.xxx.

Results

Injection Sites

Injections of Fluoro-gold into the vlPAG consistently resulted in retrogradely labeled cells 

within the LT and within the surrounding preoptic area ipsilateral to the injection site. 

Injections into the vlPAG were large enough to encompass the vlPAG area and in some 

cases included the lateral division of the dorsal raphé nucleus and/or part of the dorsolateral 

part of the PAG. Injections that were included for analysis were located in the rostral/middle 

part of the vlPAG (Fig. 1a, see methods). Animals included in the study all displayed high 

numbers of retrogradely labeled neurons within the MnPO (57% ± 3.2) and proportionately 

less within the OVLT (30% ± 2.4) and the SFO (13% ± 1.7).

Hypertonicity

Following i.p. administration of hypertonic saline, Fos immunoreactive (IR) cells were 

found mainly within the SON, the dorsal cap of the OVLT, the periphery of the SFO and 

within the MnPO (Fig. 1b). A relatively large proportion of vlPAG projecting neurons 

within the LT were Fos-IR following i.p.-hypertonic NaCl administration (∼15%; Table 1, 

Figs. 1b & 2a). The OVLT displayed the greatest percentage of double labeled cells with 

respect to total retrogradely labeled cells (∼7%, t(24) = 6.19; P < 0.001). The MnPO and the 

SFO had lower percentages at ∼4%, (t(24) = 1.79; P = 0.462, t(24) = 1.98; P = 0.137 

respectively). Only the OVLT reached significance over control values.
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Water Deprivation

Fos-IR cells were found throughout the LT, in the dorsal cap and lateral margins of the 

OVLT, throughout the MnPO and within the center and periphery of the SFO. Numerous 

Fos-IR cells were also observed within the SON. Water deprivation resulted in the greatest 

percentage of double labeled neurons found within the LT with respect to total retrogradely 

labeled neurons (∼37%). The majority of double labeled neurons, were located within the 

OVLT (∼16%, t(23) = 6.93; P < 0.001) the MnPO (∼11%, t(23) = 5.35; P = 0.022) and the 

SFO (∼10%, t(23) = 6.01; P = 0.009). All results were significantly greater than control 

values (Table 1, Fig. 2b).

Isoproterenol (endogenously generated angiotensin II)

Following the s.c. administration of isoproterenol, Fos-IR cells were observed within the 

MnPO, the SFO, the lateral margins of the OVLT and the SON in significantly greater 

numbers than in control animals. Isoproterenol administration resulted in a high percentage 

of vlPAG projecting-neurons that were Fos-IR (∼27%). The SFO displayed the highest 

percentage with ∼16% (t(22) = 6.57; P < 0.001) of PAG projecting neurons being double 

labeled, the OVLT ∼9% (t(22) = 7.29; P < 0.001) and the MnPO ∼2% (t(22) = 1.74; P = 

0.258; Table 1, Fig. 2c). Values in the SFO and OVLT were significantly different from the 

control group.

Heat Exposure

The distribution of Fos-IR within the LT following exposure to elevated ambient 

temperature (39°C) resulted in high Fos-IR cells within the lateral margins of the ventral 

part of the MnPO and within the dorsal division of the MnPO. Fos-IR cells were rarely 

observed in the SFO while a few were located within the dorsal aspect of the dorsal cap of 

the OVLT. Following heat exposure, ∼14% of retrogradely labeled neurons within the LT 

were Fos-IR. The MnPO displayed the greatest percentage (8%, t(23) = 6.62; P < 0.001) 

compared to the OVLT (∼5%, t(23) = 8.39; P < 0.001) and the SFO (∼1%, t(23) = 2.54; P = 

0.524). All values were significant except those of the SFO (Table 1, Fig. 2d).

Sleep vs Waking

Within the preoptic area, Fos immunoreactivity following sleep was readily identified within 

the core of the ventrolateral preoptic area (c-vlPOA), the dorsal cap of the OVLT and 

throughout the MnPO and the extended-vlPOA (ex-vlPOA). Negligible Fos-IR cells were 

observed within the SFO. PAG projecting neurons that were Fos positive were identified 

within the c-vlPOA and the MnPO, with fewer observed within the OVLT and the ex-

vlPOA. Significantly greater double-labeled neurons were located within the MnPO (8%, 

t(5) = 3.78; P = 0.036) and the c-vlPOA (20%, t(5) = 4.03; P = 0.008) during spontaneous 

sleep than that during a comparable period of enforced wakefulness. No significant 

difference in Fos label was observed between sleep or wake in vlPAG projecting neurons 

located within the OVLT (4%, t(5) = 1.60; P = 0.13) or the ex-vlPOA (6%, t(5) = 0.64; P = 

0.857; Table 1, Figs. 1c & 2e).
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Discussion

Injections of retrograde tracer into the vlPAG resulted in significant numbers of retrogradely 

labeled neurons within the preoptic area. Many of these retrogradely labeled neurons were 

Fos-IR following water deprivation, hypertonic salt loading, isoproterenol administration, 

heat exposure or sleep.

Our results indicate that PAG projecting neurons within the LT activated by these stimuli 

display three distinct patterns of activity (Fig. 2). 1-where the OVLT has a predominant 

double labeled population and the MnPO and the SFO display a smaller double labeled 

population, i.e. following water deprivation and hypertonic salt loading. 2-where the OVLT 

and the SFO have a predominant double labeled population significantly greater than the 

MnPO, i.e. following isoproterenol administration and 3-where the MnPO displays the most 

activity of vlPAG projecting neurons followed by lesser but substantial activity in OVLT-

vlPAG projecting neurons and insignificant activity in the SFO, i.e. following heat exposure 

or sleep.

We hypothesize that these differing patterns of activation result in varied functional 

modulations of vlPAG activity.

Water deprivation and hypertonic salt loading

The LT is recognized as an activated region of the anterior hypothalamus in many 

experimental thirst and drinking paradigms. Its role in fluid homeostasis is best underscored 

by lesion studies in which animals markedly cease drinking water subsequent to the lesion 

(Andersson et al., 1975; Johnson and Buggy, 1978). The homeostatic activity of the LT 

during body fluid perturbations was evidenced here during water deprivation and hypertonic 

salt loading where we noted significant excitation of ventral LT neurons, the highest activity 

being observed within the OVLT. Within the LT, of all the experimental stimuli tested, we 

found that the highest proportion of vlPAG projection neurons expressing Fos-IR was 

observed following water deprivation (∼37%). This is interesting as previous findings 

indicate that the vlPAG is significantly activated by hypovolemic stimuli and suggests that 

this activation may be mediated, in part, via projections from the LT (Dampney et al., 1984).

The heightened activity in LT-vlPAG projecting neurons in water deprived as opposed to 

salt loaded animals likely reflects the multiple influences during dehydration including 

volume, osmolality and hormonal variations. The heightened activation of the LT may also 

reflect modulation of the sensitivity of the LT from baroreceptors or other peripheral relays 

through the parabrachial nucleus and/or the nucleus of the solitary tract (Miura et al., 1994; 

Saper and Levisohn, 1983).

The SFO not only displayed few neurons that projected to the vlPAG, it also displayed low 

activity with respect to osmotic pressure in vlPAG projecting neurons. These findings are 

consistent with earlier studies that propose osmoreceptive cells are located principally within 

the dorsal cap of the OVLT (McKinley et al., 1978; McKinley et al., 2004; Oldfield et al., 

1994).
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Isoproterenol

Isoproterenol, a beta-adrenergic agonist, was chosen for this study as it is a strong dipsogen, 

increases circulating AngII (Johnson et al., 1981) and has vasodilator properties which 

counteract the hypertensive effects of AngII acting on the vasculature (Moosavi and Johns, 

2003; Robinson and Evered, 1987). The dipsogenic response to isoproterenol is principally 

mediated by increased AngII within the bloodstream (Houpt and Epstein, 1971). Given that 

increased c-Fos immunoreactivity in the lamina terminalis following isoproterenol 

administration is abolished by the AT1 receptor blocker losartan or the ACE inhibitor 

captopril (Oldfield and McKinley, 1994) it is recognized that circulating AngII is 

responsible for activation of the lamina terminalis after drug administration as opposed to 

vascular responses.

Circulating AngII acting centrally via the circumventricular organs is implicated in 

regulating thirst (Buggy et al., 1979; Phillips et al., 1978), evoking a pressor response 

(Johnson et al., 1978; Mangiapane and Simpson, 1980) and initiating a salt appetite (Bryant 

et al., 1980; Denton et al., 1984; Henry, 1988; Nicolaidis and Jeulin, 1984; Rowland et al., 

1996; Schulkin and Fluharty, 1985; Thunhorst, 1996; Weisinger et al., 1987). To the extent 

that vlPAG is involved in one or more of these regulatory responses, our findings suggest 

that circulating AngII effects on the vlPAG are mediated by projections from the OVLT and 

SFO but not the MnPO. Our results also indicate that elevations in circulating AngII seems 

an unlikely cause of significant MnPO activation during water deprivation, as Fos label in 

this nucleus was not elevated in response to systemic isoproterenol (Table 1; Figure 2c).

Heat Exposure

Following acute heat exposure (39°C for one hour), the distribution of vlPAG projecting LT 

neurons that were Fos-IR were primarily located within the OVLT and MnPO (Table 1, Fig. 

2). The SFO displayed few cells projecting to the vlPAG that were Fos-IR. This is consistent 

with studies that describe high proportions of Fos positive cells within the MnPO/preoptic 

area subsequent to increased ambient temperature (Gong et al., 2000; Patronas et al., 1998; 

Scammell et al., 1993; Yoshida et al., 2005). Our data correspond well with earlier 

investigations of vlPAG-projecting neurons and heat exposure. Differences between the 

studies reflect differences in experimental design.

Heat exposure leads to increased peripheral vasodilatation, and reduces splanchnic, renal 

and muscular blood flow (Kregel et al., 1991; Rowell, 1974). The activation of cells 

projecting to the rostral-middle vlPAG from the LT particularly the MnPO may in part 

mediate these responses as preoptic warming increases Fos-IR in the vlPAG (Yoshida et al., 

2002). Additionally, the activation of neurons within the MnPO, often within the lateral 

lamina (i.e. the sides of the MnPO) indicates that local circuits within the preoptic area, 

possibly the medial preoptic area (MPO) are being influenced by MnPO activity. Whether 

local preoptic circuits are directly influenced or part of an en passant circuit is yet to be 

defined. Possibly, disinhibition or activation of inhibitory MPO neurons projecting to caudal 

brain areas involved in thermogenesis are involved (Morrison et al., 2008).
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Sleep

Compared to wake animals, Fos-IR was readily found in the core-vlPOA and the ventral 

lamina terminalis of spontaneously sleeping animals, as previously described (Gong et al., 

2000; Sherin et al., 1996; Uschakov et al., 2006). The location of Fos-IR in the MnPO 

tended to be distributed throughout the nucleus and within the dorsal cap of the subjacent 

OVLT. The proportion of vlPAG projecting neurons that were also Fos-IR was lower in the 

OVLT (4%) than in the MnPO (8%), with double-labeled cell counts in the MnPO being 

significantly higher than in awake animals.

Levels of Fos expression in the OVLT and MnPO during sleep most closely resembled that 

observed in response to heat exposure. This is consistent with the finding that many warm-

sensing neurons in the preoptic hypothalamus also exhibit spontaneous increases in activity 

during sleep compared to waking (Alam et al., 1995; Alam et al., 1997). MnPO neurons that 

exhibit sleep-related c-Fos expression are GABAergic (Gong et al., 2004) and these neurons 

have been hypothesized to promote sleep via descending inhibition of arousal regulatory 

neurons in the posterior and lateral hypothalamus and the rostral brainstem (Szymusiak and 

McGinty, 2008; Uschakov et al., 2006).

Sleep active MnPO-vlPAG projection neurons may be involved in coupling the occurrence 

of nonREM and REM sleep, as evidence indicates that the vlPAG contains a population of 

neurons that exert inhibitory control over REM sleep-generating circuits in the paramedian 

pontine reticular formation (Luppi et al., 2006). We observed a tendency of increased Fos 

expression in MnPO-vlPAG projecting neurons in animals with greater REM sleep duration 

(data not shown). Alternatively or in addition, the sleep-active component of the MnPO-

vlPAG projection could function to promote peripheral vasodilation during sleep, in the 

same way that this pathway is implicated in promoting vasodilation during heat exposure 

(Yoshida et al., 2005).
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Figure 1. 
Retrograde labeling in the preoptic area following injections of fluoro-gold into the vlPAG. 

a. rostrocaudal maps through the PAG indicating the location of injection sites, animals in 

the sleep and wake cohort encompassed a larger area as more tracer was injected, all other 

injection sites were located within the central shaded area; a′ photomicrograph of a typical 

injection site with inset of midsagittal cartoon indicating the rostrocaudal boundaries of the 

injection sites, values denote millimeters posterior to bregma. b. retrograde labeling and Fos-

IR in the dorsal cap of the OVLT; b′. the MnPO and b″. the SFO following hypertonic saline 
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administration (0.5M NaCl, 1ml/100g); c. retrograde labeling and Fos-IR in the c-vlPOA 

and c′. the MnPO following 3hrs sleep; inset, higher magnfication of a double labeled 

neuron, note the darkly labeled nucleus and the fluorescent retrograde label within the soma. 

Arrows and arrowheads indicate double labeled neurons or single Fos label respectively. 

Scale bars = 100μm
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Figure 2. 
Histograms of the percentage of vlPAG projecting neurons within the lamina terminalis/

preoptic area that were double-labeled (Fos-IR & fluoro-gold) following a. i.p.-hypertonic 

saline (0.5M NaCl, 1ml/100g), b. 24hrs water deprivation, c. subcutaneous isoproterenol 

(50μg/kg), d. high ambient heat (39°C for 60mins) and e. 3hrs sleep or wake. * p < 0.05
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