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Abstract
OBJECTIVES—The purpose of this study was to identify and characterize Na+-dependent, high
affinity glutamate transporter (GLUT) activity in the hypothalamic paraventricular nucleus (PVN)
and to compare GLUT activity in PVN of euhydrated versus water-deprived rats.

METHODS—Sprague-Dawley rats were deprived of water for two days before sacrifice. Control
rats received water ad libitum. After sacrifice, PVN and cerebrum were removed and
synaptosomes were prepared using standard techniques. Glutamate uptake was measured using
[3H]-glutamate as substrate, physiological buffer, approximately 100 mg of synaptosomal tissue
per assay and a Brandel cell harvester.

RESULTS—Glutamate uptake was saturable in PVN synaptosomes from euhydrated, control rats
with a Vmax of 541 ± 22 pmol/min-mg protein (SEM) and Km of 17.6 ± 3.8 nM (SEM). In
contrast, Vmax of glutamate uptake was 808 ± 58 pmol/min-mg protein in PVN of rats deprived
of water for 2 days. This was significantly higher than controls (p<0.001). Km was 21.2 ± 7.3 nM
and not significantly different from controls (NS).

CONCLUSIONS—Our results suggest that water deprivation of rats results in significantly
higher synaptosomal glutamate uptake in PVN. Although the exact mechanism is unknown,
increased transcription of the GLUT gene and/or increased cell surface expression of GLUT may
contribute to the observed increase of glutamate uptake in dehydrated rats. Increased glutamate
uptake may serve to restrict dehydration-induced activation of PVN efferent pathways specifically
involved in release of neurohypophysial hormones and activation of sympathetic outflow that
operate to maintain body fluid balance and cardiovascular function.
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INTRODUCTION
As one of the primary brain areas responsive to changes in osmolality, the hypothalamic
paraventricular nucleus (PVN) plays a central role in regulating fluid homeostasis. This is
accomplished through progressive recruitment of neuroendocrine and sympathetic nervous
system responses. Discharge of PVN neurons is increased by acute elevations of plasma
osmolality and plasma angiotensin II and is decreased by blood volume expansion (Toney et
al. 2003; Bains & Ferguson 1995; Chen & Toney 2001; Chen & Toney 2003; Ferguson
1988; Ferguson & Washburn 1998; Lovick & Coote 1988). Water deprivation increases
plasma osmolality and circulating angiotensin II and these effects are accompanied by
activation of PVN neurons (Stocker et al. 2004). Activation of PVN neurons by water
deprivation may also be facilitated by loss of inhibitory input due to the decrease of
intravascular volume. Among numerous and varied output projections of the PVN are two
that play particularly important roles in maintaining body fluid homeostasis. These are
vasopressinergic and oxytocinergic neurons that project to the posterior pituitary and a
neurochemically diverse group of neurons with axonal projections to the intermediolateral
cell column (IML) of the spinal cord (Pyner & Coote 2000; Saper et al. 1976; Shafton et al.
1998; Swanson & Kuypers 1980) as well as to the rostral ventrolateral medulla (RVLM)
(Pyner & Coote 1999; 2000; Shafton et al. 1998). Activity of the premotor neurons of the
RVLM maintains sympathetic vasomotor tone and regulates various vasomotor reflexes
including activation of the sympathoadrenal system, increased arterial blood pressure,
elevated heart rate (Dampney 1994a,b; Guyenet et al. 1996).

Dehydration-induced changes in the PVN includes enhanced synaptic glutamate release,
increased synaptic glutamate receptor density and activation and enhanced glutamate
receptor-effector coupling (Li & Tasker 2004). Glutamate activity within individual
synapses is terminated by uptake of the neurotransmitter via selective glutamate transporters
located in neuronal and astrocyte cell membranes (Nicholls & Attwell 1990). An inability to
effectively clear glutamate could result in its diffusion to heterosynaptic pathways. Such
glutamate “spillover” could result in abnormal activation of functionally unrelated pathways.
Pathway specificity is maintained through activation of glutamate uptake via selective
glutamate transporters (Tsvetkov et al. 2004; Nie & Weng 2009). Limiting glutaminergic
activity to specific synaptic pathways for defined time periods is accomplished both by
reducing glutamate release and by reducing the amount of glutamate in the synaptic cleft.
The latter is typically accomplished via glutamate diffusion and/or by enhanced
transportermediated uptake (Nicholls & Attwell 1990).

Increased glutaminergic drive associated with dehydration leads to enhanced excitability of
magnocellular neurosecretory neurons of the PVN and supraoptic nuclei (Hatton 1997;
Miyata et al. 1994; Theodosis et al. 1993; Li & Tasker 2004) as well as to increased
angiotensin II and glutaminergic drive to pre-autonomic neurons of the PVN (Chen et al.
2001; Freeman & Brook 2007). In this study, we sought to identify and partially characterize
Na+-dependent, high affinity glutamate transporter (GLUT) activity in the PVN and to
compare GLUT activity in PVN of euhydrated versus water-deprived rats. We also
examined effects of angiotensin II on glutamate uptake in the rat PVN.

MATERIALS AND METHODS
Animals and Water Deprivation Study

Adult male Sprague–Dawley rats (Charles River Laboratories) weighing 250–375 g were
housed in a temperature-controlled room (22–23 °C) with an automatically controlled cycle
of 14 h:10 h light:dark (lights on at 0700 h daily). Control (euhydrated) rats were provided
tap water and laboratory chow (Harlan Teklad LM-485, 0.3% NaCl) ad libitum.
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Experimental (dehydrated) rats were deprived of water but not food for two days before
sacrifice in accordance with IACUC approval. All experimental procedures conformed to
National Institutes of Health Guidelines and were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Texas Health Science Center at San
Antonio.

Collection of Periventricular Nucleus Tissue
Rats were decapitated and the brain rapidly removed. The hypothalamus was dissected from
the surrounding brain. The paraventricular nucleus (PVN) was identified visually and
removed by microdissection. For comparison with PVN glutamate uptake measurements,
cerebellum and cerebrum tissues were also collected from some rats.

Preparation of Synaptosomes
Synaptosomes are prepared as previously described (Whittaker & Barker 1972; Robinson et
al. 1991) using pooled rat PVN. Synaptosomes were also prepared from rat cerebrum and
cerebellum for comparison to the rat PVN. Briefly, fresh 80–90 mg dissections of the PVN
from two rats were homogenized by 12 strokes of a fitted Teflon homogenizer in 10 ml of
0.32 M sucrose buffer (pH 7.4) in a glass homogenizer at 4 °C. The supernatant was next
centrifuged at 1,000 × g for 10 minutes. The supernatant from this step was further
centrifuged at 11,000 × g for 20 minutes at 4 °C. The resultant pellet was gently resuspended
in assay buffer to a concentration of 20 mg original tissue weight/mL and stored briefly on
ice before use.

Determination of Synaptosomal Glutamate Uptake
Glutamate uptake was measured as previously described (Robinson et al. 1991) with
modifications. Briefly, duplicate assays were done in a final volume of 2 mL assay buffer
containing (in mM) NaCl (126), KCl (4.8), CaCl2 (1.25), dextrose (11), NaH2PO4 (3.7),
Na2HPO4 (12.7), MgSO4 (1.4) at pH 7.4. Nonspecific uptake was determined in a second
set of samples to which a 1,000-fold increase in cold glutamate over the expected Km (3–5
μM) was added. Glutamate uptake was initiated by addition of 1 μCi of [3H]L-glutamate
and various amounts of carrier L-glutamate (2.5–80 μM). Glutamate uptake was stopped by
addition of ice-cold phosphate buffer and placing the tubes in an ice-cold water bath,
followed immediately by rapid filtration of the suspension through Whatman GFB glass
fiber filters using a Brandel vacuum apparatus. The filters were then washed three times
with 0.32 sucrose buffer (pH 7.4) at 4 °C to remove extracellular radioactivity from the
filters.

Importantly, we avoided the commonly used polyethylenimine (PEI) during harvest of
synaptosomes on the glass fiber filters. PEI is a strongly cationic polymer. Because of its
ability to neutralize excess anionic colloidal charge on membranes, PEI is often used to
increase synapsome attachment to filters (Cohen & Nadler 1997; Vancha et al. 2004;
Whittaker & Barker 1972). However, we found that use of PEI resulted in greater
background filter counts in comparison to water washes. Instead, we included five 32 M
sucrose washes to remove non-specific 3H-glutamate binding to assay filters.

Filters were placed in 5 mL of cytoscint ES (ICN Biochemicals Inc., Irvine, CA) and
radioactivity determined by scintillation spectrometry (Beckman Instruments, LS 6500) at a
approximate efficiency of 45%. Protein was determined by the BioRad version of the
Bradford protein assay (Bradford 1976). Concentration-dependence of glutamate uptake was
determined at six concentrations (2.5, 5, 10, 20, 40 and 80 μM) of glutamate. All values are
presented as means ± SEM. Eadie-Hofstee transformations of concentration-dependence
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data and Hill plots were fitted by linear regression analysis (Prism, Graphpad Software Inc.,
La Jolla, CA).

Na+-dependent uptake was determined by measuring the difference between radiolabeled
glutamate accumulated in Na+ and in choline (absent of any Na+) medium.

Statistics
Displacement curves were analyzed by ANOVA using the Graphpad PRISM 4.0 (Graphpad
USA). For comparison of Km and Vmax between groups, two-tailed statistics were used
throughout, with preset alpha level of significance of p<0.05. Data in the text are expressed
as mean ± standard error of the mean (SEM). Each experiment was repeated six times (n=6).

RESULTS
Glutamate uptake was saturable (Figure 1) and Na+-dependent in synaptosomes from the rat
PVN. Elimination of Na+ (by substitution with choline) from the uptake assay medium
inhibited glutamate uptake (Figure 2). Glutamate uptake was also linear with time through
15 minutes. Metabolism of glutamate was considered negligible. Similar values for Km and
Vmax of glutamate uptake were determined for synaptosomes prepared from rat cerebrum
and cerebellum (data not shown).

Two-days of water deprivation increased Vmax of glutamate uptake but had no effect on
Km of gluta-mate uptake in the male rat PVN. Glutamate uptake exhibited a Km of 17.6 ±
3.8 nM (SEM) and a Vmax of 541 ± 22 pmol/min-mg protein (SEM) in euhydrated (control)
rats. In rats deprived of water for 3 days, Vmax of glutamate uptake was 808 ± 58 pmol/
min-mg protein, which was significantly higher than controls (p<0.001) whereas Km was
21.2 ± 7.3 nM, not significantly different from controls (NS). Angiotensin II (2 μM)
increased Vmax (314.8 ± 10.6 pmol/min-mg protein vs. 254.7 ± 6.6 pmol/min-mg protein
for controls/no angiotensin II), but not Km (6.5 ± 0.9 nM vs 4.1 ± 0.5 nM for controls/no
angiotensin II), for glutamate uptake in the PVN of control rats.

DISCUSSION
The primary findings of this study are that two-day water deprivation results in increased
Vmax, but no difference in Km, for glutamate uptake in the male rat PVN. The Vmax of
glutamate uptake was higher in dehydrated rats (808 ± 58 pmol/min-mg protein) than in
euhydrated rats (Vmax of 541 ± 22 pmol/min-mg protein). This suggests an increase in the
number of available glutamate transporters in the dehydrated rats. In contrast, the Km for
glutamate uptake did not differ between dehydrated rats (21.2 ± 7.3 nM) and euhydrated rats
(Km of 17.6 ± 3.8 nM), suggesting no change in the affinity of the transporters for
glutamate. Glutamate uptake into synaptosomes in the rat PVN was found to be both
saturable and Na+ dependent.

PVN neurons play pivotal roles in maintenance of homeostasis by regulating pituitary
release of hormones as well as CNS sympathetic outflow during periods of stress and fluid
imbalance with associated hypertension (Allen 2002; de Wardener 2001, Miyakubo et al.
2002; Ranson et al. 1998). Glutaminergic, GABAergic, and noradrenergic afferents to the
PVN finely tune PVN output (Boudaba et al. 1997; Li et al. 2003) and define pathway
specificity during conditions of heightened glutaminergic activity. Dehydration is associated
with increased glutaminergic tone and enhanced excitability of magnocellular neurons
(Hatton 1997; Miyata et al. 1994; Theodosis et al. 1993; Li & Tasker 2004). Li and Tasker
(2004) showed dehydration-induced increases in postsynaptic excitatory potentials
interpreted as increased glutamate release sites based on paired-pulse facilitation analysis
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indicating a lack of change in the probability of glutamate release. Dehydration induced
swelling of magnocellular neurons, glial cell retraction away from these neurons and the
formation of new glutaminergic and GABAergic synapses within the SON and PVN
(Miyata et al. 1994; Tweedle & Hatton 1977). Increased release of glutamate normally
induces increased glutamate uptake, either by increases in transporter production and
membrane insertion or by translocation of extrasynaptic transporters to synaptic membrane
sites (Danbolt 2001; Nicholls & Attwell 1990; Otis et al. 1996b; Takagaki 1976). During
dehydration states selectively activated PVN pathways include those projecting to brain
stem autonomic centers and to sympathetic preganglionic neurons located within the
intermediolateral cell column of the spinal cord (Ranson et al. 1998; Shafton et al. 1998;
Toth et al. 1999) and thus sympathetic outflow regulating cardiovascular as well as end
organ functions; e.g., renal sodium excretion.

Given the complexity of PVN outflow regulating various autonomic and neuroendocrine
functions as well as the ubiquitous distribution of glutamate within and outside the PVN,
activation of specific glutaminergic pathways is critical to body fluid regulation. Pathway
specificity during conditions of heightened glutaminergic activity may depend on tight
control over both duration and synapse-specific glutamate release. An inability to effectively
clear such glutamate could result in diffusion of transmitter from the original synapse to
heterosynaptic pathways. Such glutamate “spillover” might produce undesirable activation
or even eventual synaptic plasticity in those alternate pathways. Because pathway specificity
is maintained through activation of glutamate uptake via selective glutamate transporters
located in glial and neuronal cell membranes (Tsvetkov et al. 2004; Nie & Weng 2009), an
increase in glutamate uptake is predicted to avoid extrasynaptic diffusion of glutamate from
the active synapse (Asztely et al. 1997) and thus possible activation of neighboring but
otherwise functionally unrelated glutamate synapses and pathways (Asztely et al. 1997).
Increases in glutamate uptake may also be important for regulating the duration of
postsynaptic pathway activation (Mennerick & Zorumski 1994) and preventing local
depletion of the neurotransmitter and/or desensitization of postsynaptic glutamate receptors
(Dudel et al. 1988; Otis et al. 1996a; Otis et al. 1996b; Tang et al. 1989; Turecek et al. 2000;
Trussell et al. 1989; Trussell & Fischbach 1989). Through such mechanisms, glutamate
uptake in dehydration may play a key role in maintaining efficacy of transmission within
neuroendocrine and autonomic pathways that preserve cardiovascular function and the
ability of animals to forage for sources of water. Our observation of increased Vmax, but not
Km, in glutamate uptake within the PVN in dehydrated rats is in keeping with increased
glutamate release and maintenance of pathway specificity. Increased gluta-mate uptake thus
serves to define pathway specificity between PVN and downstream neurons related to
neuroendocrine and sympathetic outflow.

We also found that angiotensin II (2 μM) minimally increases Vmax, but not Km, for
glutamate uptake in the rat PVN. Angiotensin II (AT1) receptors are densely distributed in
the PVN (Gehlert et al. 1991) with numerous direct synaptic contacts between AT1 receptor
expressing fibers and spinally projecting neurons (Li et al. 2003). Sympathetic output
induced either by cardiac stimulation or by hyperosmolality can be attenuated by PVN
infusion of the selective angiotensin II receptor antagonist losartin (Chen & Toney 2001).
The relatively small increases observed in Vmax in response to application of angiotensin II
to synaptosomal tissue may be a reflection of suboptimal distribution of angiotensin II in the
synaptosomal preparation or because glutamate transporter numbers were already near-
maximally increased in the dehydrated animals. Alternatively, G-protein signaling pathways
downstream of AT1R receptors that are dominantly expressed in the PVN may be optimal in
synaptosomal preparations. Dehydration decreases intravascular volume and increases
plasma osmolality and circulating Ang II levels (Stocker et al. 2002; Brooks et al. 2004).
Angiotensin II (AT1) receptors are densely distributed in the PVN (Gehlert et al. 1991) with
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numerous direct synaptic contacts between AT1 receptor expressing fibers and spinally
projecting neurons (Li et al. 2003). Angiotensin II has been shown to increase the discharge
of PVN neurons in vivo (Ferguson 1988) and in vitro (Cato & Toney 2005; Li et al. 2003).
Excitation by angiotensin II involves both presynaptic inhibition of GABAergic synaptic
activity (Li et al. 2003) as well as postsynaptically to activate a non-selective cation current
(Cato & Toney 2005). Thus, angiotensin II has the potential to act in the PVN to increase
sympathetic outflow during dehydration-induced homeostatic stress, as well as during
cardiovascular diseases such as heart failure and hyper-tension in which angiotensin II
actions are increased in the periphery and CNS. What role angiotensin II might play on
glutaminergic tone within the PVN in dehydrated rats remains to be determined.

In summary, we found that two-day water deprivation increased glutamate uptake by PVN
synaptosomes reflected as an increased Vmax with no difference in Km. Increased
glutamate uptake may be a response to increased glutamatergic activity within the PVN
following short-term dehydration. Increased glutamate uptake may serve to maintain
pathway specificity within the PVN, thereby preserving relatively selective activation of
sympathetic outflow and pituitary neuro-peptide (i.e., vasopressin and oxytocin) release.
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Fig. 1.
Glutamate uptake in rat PVN synaptosomes. Data expressed as mean ± SEM (n=6).
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Fig. 2.
Glutamate uptake in rat PVN synaptosomes: Na+ dependence. Data expressed as mean ±
SEM (n=6).
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Fig. 3.
Glutamate uptake was saturable in PVN synaptosomes from euhydrated, control rats with a
Km of 17.6 ± 3.8 nM (SEM) and a Vmax of 541 ± 22 pmol/min-mg protein (SEM). In rats
deprived of water for 3 days, Vmax of glutamate uptake was 808 ± 58 pmol/min-mg protein,
which was significantly higher than controls (p<0.001). Km was 21.2 ± 7.3 nM which was
not significantly different from controls (NS). Data expressed as mean ± SEM (n=6)
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