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1  | INTRODUC TION

The hypothalamus contains a number of small nuclei with a variety 
of functions, including generation of circadian rhythms, regulation 
of hormone secretion and maintenance of homeostatic levels for a 
variety of physiological parameters. One of the critical functions 
of the hypothalamus is to serve as the central interface of the ner‐
vous and endocrine systems. These functions require coordination 
between the cell populations within the hypothalamus, as well as 
interconnections of the hypothalamus with other parts of the cen‐
tral nervous system (CNS). As in other regions of the CNS, one of 
the major neurotransmitters responsible for synaptic communica‐
tion in the hypothalamus is γ‐amino‐butyric acid (GABA).1 Although 
GABA is widely accepted as an inhibitory neurotransmitter, a grow‐
ing body of evidence indicates that it can function as an excitatory 
neurotransmitter in hypothalamic neurones in adulthood, often in 
response to physiological demands.2,3 Earlier studies have shown 

that GABA acts as an excitatory neurotransmitter in immature CNS 
neurones at early developmental stages to promote neuronal matu‐
ration and neural networking and, in some mature CNS neurones, it 
is implicated in the genesis and/or maintenance of certain patholog‐
ical conditions such as epilepsy and neuropathy.4 Moreover, exten‐
sive work in gonadotrophin‐releasing hormone (GnRH) neurones 
has shown that, in at least a subpopulation of these neurones, syn‐
aptic and exogenous agonist‐induced activation of GABAA recep‐
tors leads to depolarisation and action potential firing,5 although 
long‐term ionic plasticity in GABAA receptor‐mediated transmis‐
sion (GABAA signalling) has not been reported in GnRH neurones. 
In this review, we summarise the results of previous studies on the 
long‐term plasticity of GABAA signalling in hypothalamic neurones 
dependent on the modulation of postsynaptic [Cl−]i. Plasticity in 
GABAA receptor subunit composition and/or other potential forms 
of plasticity such as that of presynaptic GABA release are not con‐
sidered in this review.
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Abstract
The hypothalamus contains a number of nuclei that subserve a variety of functions, 
including generation of circadian rhythms, regulation of hormone secretion and main‐
tenance of homeostatic levels for a variety of physiological parameters. Within the 
hypothalamus, γ‐amino‐butyric acid (GABA) is one of the major neurotransmitters 
responsible for cellular communication. Although GABA most commonly serves as an 
inhibitory neurotransmitter, a growing body of evidence indicates that it can evoke 
post‐synaptic excitation as a result of the active regulation of intracellular chloride 
concentration. In this review, we consider the evidence for this ionic plasticity of 
GABAergic synaptic transmission in five distinct cases in hypothalamic cell popula‐
tions. We argue that this plasticity serves as part of the functional response to or is at 
least associated with dehydration, lactation, hypertension and stress. As such, GABA 
excitation should be considered as part of the core homeostatic mechanisms of the 
hypothalamus.
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2  | SOME BA SIC S ON GABA A S IGNALLING

The GABAA receptor is a ligand‐gated ion channel permeable in 
both directions to monovalent anions, Cl− and HCO3

−.6,7 Hence, 
when GABAA receptor is activated, both Cl− and HCO3

− can flow 
through open GABAA receptor channel; the size and direction of 
Cl− and HCO3

− currents through this channel are determined by 
electrochemical gradients for these ions. In CNS neurones, the Cl− 
equilibrium potential (ECl) and HCO3

− equilibrium potential (EHCO3) 
are	 usually	 set	 around	−90	mV	 and	−10	mV,	 respectively,	 and	 the	
equilibrium potential of GABAA receptor‐mediated current/potential 
(EGABA) is set between the ECl and EHCO3, although closer to the ECl. 
This is because GABAA receptor channel is 2.5‐5 times more perme‐
able to Cl− than HCO3

−.8,9

In mammalian CNS neurones, changes in [HCO3
−]i, which is set by 

a pH‐regulatory mechanism,6 can alter the EGABA. Likewise, changes 
in [Cl−]i can reset the EGABA. The [Cl−]i in these cells is determined not 
only by the flux of Cl− through GABAA receptor channels, but also by 
the action of the cation chloride cotransporters (CCCs) Na+‐K+‐2Cl− 
cotransporter 1 (NKCC1) and K+‐Cl− cotransporter 2 (KCC2).4,10,11 
These are secondary active transporters that harness the transmem‐
brane gradients of [Na+] and [K+] set by the ATP‐dependent Na+‐K+ 
pump as the driving force. NKCC1 imports Cl− and thus increases the 
[Cl−]i, whereas KCC2 extrudes Cl− from the cell, helping to maintain 
the [Cl−]i low (Figure 1). The [Cl−]i is maintained high in mammalian 

CNS neurones at early developmental stages such that the EGABA is 
positive to the resting membrane potential (RMP) in these cells but, 
in later stages, the [Cl−]i is usually reduced to low levels. In the rat, a 
postnatal increase in the expression and function of KCC2 is respon‐
sible for the reduction of [Cl−]i and consequent shift of the EGABA 
to a more negative potential.12 Accordingly, the relative activities of 
NKCC1 and KCC2 are critical determinants of the EGABA.

The polarity of membrane potential response to GABAA receptor 
activation depends on the relationship of the EGABA to the membrane 
potential at the time the receptor is opened by GABA. In typical ma‐
ture CNS neurones in which the [Cl−]i is maintained low and hence 
the EGABA is more negative than the RMP, GABAA receptor activation 
at the resting state makes the membrane potential move toward the 
EGABA, producing a hyperpolarising response (Figure 1A). On the other 
hand, in cells with high [Cl−]i and consequently having a depolarised 
EGABA compared to the RMP, GABAA receptor stimulation leads to the 
depolarisation of membrane potential (Figure 1B). The magnitude of 
a given polarity of membrane potential response to GABAA receptor 
stimulation depends on the driving force (ie, the potential difference 
between EGABA and the membrane potential at which GABAA receptor 
is activated): the larger the driving force and the GABAA conductance, 
the greater the magnitude of the membrane potential response.

The direct hyperpolarisation and depolarisation resulting 
from GABAA receptor activation may not necessarily correspond 
to inhibition and excitation of the neurone, respectively. The 

F I G U R E  1   Schematic diagram showing GABAA signalling in neurones with different [Cl−]i. In central nervous system neurones, [Cl−]i is 
usually determined by the relative activity of the Cl− importer Na+‐K+‐2Cl− cotransporter 1 (NKCC1) vs the Cl− extruder K+‐Cl− cotransporter 
2 (KCC2). In cells with relatively low [Cl−]i and thus having relatively hyperpolarised EGABA	values	(eg,	−80	mV)	as	in	(A),	GABAA receptor 
activation causes the cell membrane potential to move towards the EGABA by allowing chloride ions to flow into the cell through the open 
GABAA receptor. This membrane potential change generates a hyperpolarising response. The opposite pattern of events occur for cells 
with a relatively high [Cl−]i and hence with relatively depolarised EGABA	values	(eg,	−30	mV)	(B).	In	this	case,	the	depolarising	response	from	
GABAA receptor activation can trigger action potential(s) if it is sufficiently large to reach the action potential threshold, which is a function 
of the rate of membrane potential change. It should be noted that HCO3

− is not shown as a current carrier. GABAAR, GABAA receptor; RMP, 
resting membrane potential
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GABA‐evoked hyperpolarisation can elicit rebound action poten‐
tial bursts in some cells by removing the inactivation of (ie, dein‐
activating) certain voltage‐gated channels, such as T‐type Ca2+ 
channels.13 Thus, the hyperpolarisation from GABAA receptor 
activation will not always result in inhibition of neural activity. 
Likewise, the depolarisation from GABAA receptor activation will 
not always result in an increase in neural activity. Although the 
depolarisation may evoke action potential by itself when it is suffi‐
ciently large to reach the threshold (Figure 1B) or via its spatiotem‐
poral summation with other excitatory events such as excitatory 
postsynaptic potentials (EPSPs), it can also inhibit neuronal firing 
by so‐called “shunting inhibition”. Whenever the GABAA receptor 
channel is activated, the GABAA channel pore is open and hence 
the membrane conductance increases (ie, the membrane resis‐
tance decreases). Consequently, it becomes difficult for excitatory 
currents to alter the membrane potential to reach the action po‐
tential threshold.14 Thus, prudence is required when classifying 

GABAA receptor‐mediated responses as excitatory or inhibitory in 
regard to neural activity.

In the remainder of the review, we consider specific cases in hy‐
pothalamic cell populations in which GABAA signalling exhibits plas‐
ticity and can switch between evoking an inhibitory post‐synaptic 
response and an excitatory one.

2.1 | Case 1: Circadian and seasonal plasticity of 
GABAA signalling in the suprachiasmatic nucleus 
(SCN) neurones

2.1.1 | Circadian time‐dependent modulation of 
GABAA signalling in SCN neurones

It is now well‐established that the SCN is the principal circadian 
clock responsible for generation of daily cycles of behaviour and 
physiology. SCN circuits underlie the generation of circadian 

F I G U R E  2   GABAergic excitation in suprachiasmatic nucleus (SCN) neurones. A, Reversible blockade of spontaneously occurring 
GABAergic excitatory postsynaptic potentials (EPSPs) by the GABAA receptor antagonist bicuculline (30 μmol L–1).	Voltage	traces	from	
an SCN neurone recorded in the presence of 6,7‐dinitroquinoxaline‐2,3‐dione (DNQX; non‐NMDA receptor antagonist) (20 μmol L–1) and 
DL‐2‐amino‐5‐phosphonovalerate (DL‐AP5; NMDA receptor antagonist) (100 μmol L–1). B, Synaptic responses to optic nerve stimulation 
(results of three trials are shown) of an SCN neurone recorded before adding DNQX (20 μmol L–1) and DL‐AP5 (100 μmol L–1) to the perfusion 
medium to isolate GABAergic EPSPs as shown in (A). This neurone responded to optic nerve stimulation (arrowhead) with glutamatergic 
EPSPs, which often triggered action potentials (diamonds). C, Effects of the Na+‐K+‐2Cl− cotransporter inhibitor bumetanide (10 μmol L–1) 
on GABAergic EPSPs recorded in rat SCN neurones in the presence of DL‐AP5 (100 μmol L–1) and DNQX (20 μmol L–1). The GABAergic PSPs 
were evoked at various membrane potentials by focal electrical stimulation (arrow) of the dorsolateral border of the SCN in the absence (top) 
and presence of bumetanide (bottom). The membrane potential was varied by injecting a series of current pulses (duration, 250 ms; intensity, 
0	to	−0.06	nA).	Reproduced	with	permission	from	Choi	et	al25
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rhythm and their environmental regulation, as well as the synchro‐
nisation of rhythmic outputs throughout the body.15‐18 A large 
body of evidence indicates that GABA, a neurotransmitter pro‐
duced in a vast majority of SCN neurones and present in numer‐
ous synaptic terminals in the SCN, plays important roles in these 
processes.19

Although GABA commonly serves as an inhibitory transmitter 
in SCN neurones,20‐22 there has also been consistent evidence that 
GABA can be excitatory at certain times of the day and/or in certain 
subregions of the SCN.23‐29	For	example,	de	Jeu	and	Pennartz24 em‐
ployed a gramicidin‐perforated patch‐clamp technique, which pre‐
serves the [Cl−]i of the recorded cell,30 and examined the effects of 
synaptically released or exogenously applied GABA in neurones in 
the SCN slices prepared from adult male Wistar rats held under a 
12:12 hour light/dark (LD) cycle. They found that GABA was mostly 
inhibitory during the light phase, although it was excitatory during 
the dark phase in approximately 50% of the neurones sampled. 
Subsequently, Choi et al25 employed extracellular single‐unit record‐
ing and gramicidin‐perforated patch‐clamp techniques to survey a 
large number of neurones in the SCN slices, which were prepared 
from adult male Sprague‐Dawley rats entrained to a 12:12 hour LD 
cycle. Although synaptically released or exogenously applied GABA 
inhibited most SCN neurones, GABAergic excitation was present in 
some neurones in both dorsal and ventral regions of the SCN, includ‐
ing a small proportion of retinorecipient cells (Figure 2A,B), regard‐
less of the time of day, and these excitatory responses were most 
prevalent during the dark phase in the dorsal SCN. In individual neu‐
rones, the application of the NKCC blocker bumetanide converted 
GABAergic excitation to inhibition (Figure 2C), indicating that the 
Cl−‐importing action of NKCC1 gives rise to the excitatory responses 
of SCN neurones to GABA. Ca2+‐imaging and western blot exper‐
iments also suggested that GABAergic excitation is dependent on 
NKCC1. It was shown that: (i) the GABA‐elicited Ca2+ transient in 
acutely dissociated rat SCN neurones was inhibited reversibly by 
bumetanide; (ii) the GABA‐elicited Ca2+ transients in acutely dissoci‐
ated SCN neurones from NKCC1 null mice (30‐40 days of age) were 
not inhibited by bumetanide, unlike those from their age‐matched 
wild‐type littermates; and (iii) NKCC1 protein content increased 
during the dark phase in the dorsal SCN of the adult mouse. Choi 
et al25 showed that GABAergic excitation occurs more frequently 
during the dark phase in the dorsal SCN and is NKCC1‐dependent, 
and	 their	 findings	 are	 consistent	 with	 the	 results	 of	 de	 Jeu	 and	
Pennartz24 and have also been at least partially confirmed in sub‐
sequent studies.27‐29,31 However, the generality of the findings on 
the spatiotemporal pattern of GABAergic effects was questioned by 
Alamilla et al.29 These investigators, on the basis of the results of 
gramicidin‐perforated patch‐clamp recordings in the SCN slices from 
adult male Wistar rats entrained to a 12:12 hour LD cycle, suggested 
that synaptically released GABA is excitatory and inhibitory in the 
dorsal and ventral SCN during the light phase, respectively, and vice 
versa in the dark phase. Collectively, the above work supports the 
proposition that, at least in certain SCN neurones, GABAA signalling 
is modulated in a time‐dependent fashion such that GABA excites or 

inhibits these cells depending on the time of the day. Furthermore, 
these studies indicate that the increased NKCC1 activity underlies 
the emergence of the GABAergic excitation.

2.1.2 | Long‐term ionic modulation in GABAA 
signalling in the SCN plays roles in circadian 
pacemaker resetting and seasonal time encoding

Despite the extensive body of data in the literatures indicating the 
long‐term ionic modulation of GABAA signalling in the SCN, the 
functional significance of the GABAergic excitation is not yet fully 
resolved. The finding that GABA often excites some retinorecipi‐
ent cells in the SCN during the dark (as well as light) phase25,27 is 
consistent with the notion that the modulation of GABAA signalling 
may be important for the photic entrainment of the circadian pace‐
maker. McNeill et al32 tested this hypothesis by examining the ef‐
fects of the NKCC inhibitor bumetanide injected into the SCN in an 
attempt to block GABAergic excitation25,27,32 on the photic (as well 
as non‐photic) stimulus‐induced phase shifts of the free‐running cir‐
cadian locomotor rhythms of male Syrian hamsters (9‐10 weeks of 
age) housed under constant darkness (DD). It was found that prior 
injection of bumetanide into the SCN reduced the phase delays 
induced by light pulse presented to the animals in early subjective 
night [circadian time (CT): 13.5 hours], although not the phase ad‐
vances induced by light in late subjective night (CT: 19 hours). Under 
DD conditions, circadian phase is defined relative to the onset of 
locomotor activity, with CT 12 hours being the phase at which lo‐
comotor activity starts in a nocturnal organism. Furthermore, it was 
discovered that bumetanide injection during the subjective day (CT 
6 hours) attenuated the phase advances induced by co‐injected mus‐
cimol (GABAA receptor agonist) into the SCN. Thus, evidence was 
provided results supporting the idea that GABAergic excitation plays 
a role in the environmental regulation of the circadian pacemaker.

In addition, long‐term ionic modulation in GABAA signalling in 
the SCN may be important in encoding seasonal time. In support of 
this hypothesis, Farajnia et al28 performed Ca2+ imaging experiments 
in SCN slices from mice (8‐16 weeks of age) that were entrained to 
a long‐day (18:8 hour LD cycle) or short‐day (8:16 hour LD cycle) 
photoperiod. It was found that, compared with a short‐day photope‐
riod, a long‐day photoperiod was associated with significantly more 
excitatory and fewer inhibitory responses to GABA, and the excit‐
atory responses were attenuated by bumetanide. The relationship 
between GABAergic excitation and inhibition may determine the 
phase distribution of individual clock cells in the SCN,28 the change 
of which has been proposed as the mechanism encoding seasonal 
time.33 In support of this hypothesis, Myung et al34 measured circa‐
dian oscillations of the clock gene Bmal1, at single‐cell and regional 
levels in cultured SCN explanted from mice raised under short or 
long days. They found that a phase gap between the oscillations re‐
corded from the dorsal and ventral regions increases and also that 
the cycle‐length of the SCN shortens when the mice were held on 
longer day lengths. In addition, an increasing day length alters the 
NKCC1/KCC2 ratio and increases resting intracellular chloride under 
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long days as imaged by N‐(ethoxycarbonylmethyl)‐6‐methoxyquino‐
linium bromide fluorescence. Blocking GABAA signalling or the chlo‐
ride transporter with furosemide (a non‐selective NKCC1 and KCC2 
inhibitor) prevented the long day‐induced changes in phase and pe‐
riod. Mathematical modelling was used to support their interpreta‐
tion that day length is encoded by the modulation of the intracellular 
chloride concentration, which can adjust the strength and polarity 
of the ionotropic GABAA‐mediated synaptic response. In sum, work 
carried out in the SCN provides clear evidence that GABA can func‐
tion as an excitatory or inhibitory transmitter in this cell population. 
There is still controversy as to whether the excitatory/inhibitory 
effects of GABA occur more frequently in neurones at certain sub‐
regions of the SCN or during certain times of the day. In the cases 
in which GABAergic excitation has been clearly demonstrated, the 
mechanism depends on the NKCC1‐dependent modulation of [Cl−]i 
in SCN neurones. Although work on the functional significance is 
ongoing, recent studies indicate that long‐term ionic modulation in 
GABAA signalling in the SCN plays crucial roles in photic entrain‐
ment of the circadian pacemaker and in encoding seasonal time. The 
mechanisms through which the molecular clock regulates EGABA are 
not known. As described in this review, neuronal Cl− homeostasis 
is regulated by the activity of two cation chloride co‐transporters: 
the KCC2 and NKCC1. The activity of these transporters is deter‐
mined mainly by their levels of expression in the plasma membrane. 
Furthermore, these chloride co‐transporters are rapidly adjusted 
by activity‐dependent post‐translational modifications.35, 36 There 
is good evidence that the transcript levels of the gene encoding 
NKCC1 (Slc12a2) are rhythmically expressed in tissues throughout 
the body, including liver, lung, heart and hypothalamus (http://circa 
db.hogen eschl ab.org). In addition, in the SCN at least, there is com‐
pelling evidence for intracellular circadian rhythms in calcium, cAMP 
and other signalling pathways.37 Accordingly, rhythms in EGABA could 
be plausibly generated by either transcriptional or post‐translational 
mechanisms. More work carried out in the future using targeted 
genetic manipulation of chloride transporters in SCN neurones will 
likely provide important insights.

2.2 | Case 2: Chronic hyperosmotic/hypernatraemic 
stress converts GABAergic inhibition to excitation 
in magnocellular neurosecretory cells (MNCs) 
to promote vasopressin and oxytocin release 
from these neurones

MNCs	in	the	supraoptic	 (SON)	and	paraventricular	nuclei	 (PVN)	of	
the hypothalamus are critically involved in the regulation of osmotic 
balance.	Vasopressin	 (VP)	 and	oxytocin	 (OT)	 synthesised	by	 these	
neurones are released either locally from their somata and den‐
drites38,39 onto postsynaptic CNS neurones that they project to40,41 
or into the general circulation in the posterior pituitary.42	VP	released	
into the bloodstream increases water permeability in the collecting 
ducts of the nephron, promoting water retention (ie, antidiuresis).43 
Moreover,	VP,	at	concentrations	higher	than	those	required	for	the	
V2	 receptor‐mediated	 antidiuretic	 action	 in	 the	 kidney,	 can	 cause	

vasoconstriction by stimulating the vascular smooth muscle via the 
V1a	receptor.44	These	actions	of	VP	are	important	with	respect	to	
maintaining the volume and osmolality of extracellular fluid (plasma) 
within physiological ranges, as well as raising blood pressure against 
hypotension resulting from a large reduction of blood volume, as 
occurs in severe haemorrhage or diarrhoea.45 OT released into the 
systemic circulation plays an important role in reproduction in the 
female. OT facilitates birth by enhancing uterine contraction dur‐
ing parturition and induces milk ejection in the lactating mother by 
stimulating myoepithelial cells in the mammary gland lobules.46 In 
some species (eg, rat), OT also exerts a natriuretic effect via its direct 
action in the kidney and by stimulating the release of atrial natriu‐
retic hormone from the heart.47

Anatomical studies have shown that chronic dehydration and 
lactation leads to extensive and reversible remodelling in synapses 
and	neurone‐glia	contact	in	the	PVN	and	SON;	both	glutamatergic	
and GABAergic terminals making synaptic contacts with MNCs in‐
crease in number and the glial coverage of MNCs decreases signifi‐
cantly.48‐52 Electrophysiological studies have demonstrated that, 
corresponding to the anatomical changes, functional changes in glu‐
tamatergic and GABAergic inputs to MNCs also occur during dehy‐
dration and lactation.53‐56 For example, Di and Tasker53 found that, 
in the rat, chronic dehydration led to a significant increase in the fre‐
quencies of spontaneously occurring glutamatergic and GABAergic 
postsynaptic currents in MNCs of the SON. More recently, a series 
of	studies	reported	that	chronic	stimulation	of	MNCs	promoting	VP	
and/or OT release in various contexts was associated with changes 
in GABAA signalling in MNCs dependent on the modulation of 
[Cl−]i.

2,3,57,58

To test the hypothesis that chronic hyperosmotic/hyperna‐
traemic stress would weaken GABAA receptor‐mediated inhibi‐
tory	postsynaptic	potentials	 (IPSPs)	 in	MNCs	to	promote	VP	and	
OT release, Kim et al2 salt‐loaded adult male Sprague‐Dawley rats 
by substituting drinking water with 2% NaCl solution for 7 days. 
Then, employing the gramicidin‐perforated patch‐clamp tech‐
nique, they recorded GABAA receptor‐mediated postsynaptic 
potentials (PSPs) in the MNCs sampled from acute hypothalamic 
slices obtained from these rats and from control animals kept on 
normal water. In these electrophysiological experiments, it was 
found that the chronic hyperosmotic/hypernatraemic stress given 
with the 2% saline drink not only attenuated GABAergic IPSPs in 
magnitude, but also converted them to EPSPs in a reversible fash‐
ion (Figure 3A). These EPSPs were blocked by the GABAA recep‐
tor antagonist bicuculline (Figure 3B) and mimicked by the GABAA 
receptor agonist muscimol (Figure  3C), indicating that they were 
GABAA receptor‐mediated events. The conversion of GABAergic 
IPSPs to EPSPs was the result of a profound depolarising shift of 
EGABA in MNCs, which was associated with increased expression 
of the Cl− importer NKCC1 in MNCs and blocked by the NKCC 
inhibitor bumetanide, as well as by decreasing NKCC1 activity via 
a reduction of extracellular sodium. Remarkably, blocking cen‐
tral oxytocin receptors during the hyperosmotic/hypernatrae‐
mic stress prevented the switch to GABAergic excitation. Lastly, 

http://circadb.hogeneschlab.org
http://circadb.hogeneschlab.org
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i.v. injection of bicuculline at a subconvulsive dose lowered the 
plasma	 levels	 of	VP	 and	OT	 in	 rats	 under	 chronic	 stress	 but	 did	
not	alter	the	VP	and	OT	levels	in	control	rats.	These	findings	led	to	
the conclusion that GABAA signalling in MNCs switches between 
inhibition and excitation in response to physiological needs and 
that the up‐regulation of NKCC1 in MNCs, which is driven by the 

activation of central OT receptors, allows the inhibitory‐to‐ex‐
citatory switch to occur under chronically hyperosmotic/hyper‐
natraemic	conditions.	The	net	result	 is	 that	more	VP	and	OT	are	
released in response to this stressor.

The finding of Kim et al2 showing that chronic hyperosmotic/hy‐
pernatraemic stress converts GABAA signalling in MNCs from inhi‐
bition to excitation was confirmed in subsequent studies performed 
with the deoxycorticosterone acetate (DOCA)‐salt hypertension rat 
model and the streptozotocin (STZ)‐induced diabetes mellitus (DM) rat 
model.57,58 The DOCA‐salt hypertension model, which partly depends 
on	increased	VP	action,59 was produced by injecting DOCA (25 mg) 
into the rat (adult male, Sprague‐Dawley strain) once every 4 days for 
4 weeks after unilateral nephrectomy and providing 1% NaCl solution 
as drinking water for this period, whereas the STZ‐induced DM model 
was produced by injecting the antineoplastic drug STZ (65 mg/kg body 
weight, i.p. single injection) into the rat (adult male, Sprague‐Dawley or 
Wistar strain). Streptozotocin is known to kill insulin‐producing pan‐
creatic β‐cells, and the DM induced by this agent is characterised by 
high	 levels	of	plasma	VP,	 contributing	 to	 the	genesis	of	DM‐associ‐
ated nephropathy either directly or by aggravating hyperglycaemia.60 
The plasma osmolality was higher in these rat models than in vehicle‐
treated intact control animals as a result of hypernatraemia or hyper‐
glycaemia.	Also,	as	expected,	the	plasma	VP	levels	were	higher	(5‐12	
times) in the rat models. Kim et al57,58 found that GABAA receptor‐me‐
diated	IPSPs	in	VP‐secreting	MNCs	were	converted	to	EPSPs	in	the	
rat models as a result of the depolarising shift of EGABA, thus obtaining 
evidence that the inhibitory‐to‐excitatory switch of GABAA signalling 
is	a	key	mechanism	underlying	the	high	plasma	levels	of	VP	in	the	STZ‐
induced DM and DOCA‐salt hypertension models. Moreover, it was 
discovered that the shift of EGABA was a result of NKCC1 up‐regulation 
and KCC2 down‐regulation in MNCs. Evidence for these mechanisms 
was provided via western blot experiments performed with SON and/
or	PVN	tissues	and	neurophysiological	experiments	evaluating	the	ef‐
fects of the NKCC inhibitor bumetanide, as well as the KCC2 inhibitors 
VU0240551	(known	to	be	less	specific)	or	VU0463271	(known	to	be	
specific and effective), on EGABA and the GABAergic response profile 
(ie,	the	ratio	of	cells	showing	GABAergic	EPSPs	vs	IPSPs)	of	the	VP‐
secreting MNCs of control and model rats. The evidence for KCC2 
down‐regulation in the STZ model was further provided by experi‐
ments performed using the KCC2 activator CLP257 and its prodrug 
CLP290, which are drugs that activate KCC2 by apparent inhibition of 
the action of brain‐derived neurotrophic factor (BDNF).61 Kim et al58 
demonstrated that CLP257 hyperpolarised the EGABA and hence con‐
verted	GABAergic	 excitation	 back	 to	 inhibition	 in	 the	 VP‐secreting	
MNCs of STZ model rats. Moreover, they showed that i.p. injection of 
CLP	290	significantly	lowered	the	VP	and	glucose	levels	in	the	blood	
in STZ‐treated but not control, rats. These findings not only support 
the notion that the down‐regulation of KCC2 is partly responsible for 
the depolarising shift of EGABA, but also suggest that CLP290 is an ef‐
fective	means	of	lowering	the	high	blood	levels	of	VP	and	glucose	in	
DM, comprising characteristic features of this metabolic disorder that 
may contribute to its progression62,63 and directly drive serious DM 
complications such as renal failure.60

F I G U R E  3   GABAergic inhibition and excitation in magnocellular 
neurosecretory cells (MNCs). A, Spontaneous GABAergic inhibitory 
postsynaptic	potentials	(IPSPs)	(○,	top	trace)	and	excitatory	
postsynaptic	potentials	(EPSPs)	(●,	bottom	trace)	recorded	in	
MNCs of the control rat and the experimental rat under chronic 
hyperosmotic stress, respectively. Resting membrane potential 
(RMP),	−52	mV	(cell	with	IPSPs),	−54	mV	(cell	with	EPSPs).	B,	
Reversible blockade by bath‐applied bicuculline (BIC) (30 μmol L–1) 
of GABAergic EPSPs recorded in a cell from the rat under chronic 
hyperosmotic	stress	(RMP:	−51	mV).	Action	potentials	in	(A)	and	(B)	
are truncated. C, Muscimol (GABAA receptor agonist, 5 μmol L–1, 
50 ms focal application)‐induced depolarisation and spike 
generation in a cell from the rat under chronic hyperosmotic stress 
(RMP:	−54	mV).	All	of	the	data	shown	were	obtained	after	blocking	
glutamatergic transmission with DL‐AP5 (100 μmol L–1) and DNQX 
(20 μmol L–1). Reproduced with permission from Kim et al2
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Choe et al64 further confirmed and extended the finding of Kim 
et al2,57 showing that the inhibitory‐to‐excitatory switch of GABAA 
signalling occurs in MNCs under chronic hyperosmotic/hyperna‐
traemic stress. These investigators showed that the conversion of 
GABAergic inhibition to excitation in MNCs occurred in all different 
strains of the salt‐loaded (substitution of drinking water with 2% sa‐
line for 7 days) rats examined so far (Wistar, Sprague‐Dawley, Long‐
Evans, Fischer 344), indicating that the plasticity of GABAA signalling 
is not rat strain‐specific. More importantly, with Long‐Evans rats, it 
was also demonstrated that the BDNF‐dependent activation of tro‐
pomyosin‐receptor‐kinase B (TrkB) underpins the down‐regulation 
of KCC2, which is the molecular change identified as being respon‐
sible for the depolarising shift of EGABA and the resultant conversion 
of GABAergic inhibition to excitation in MNCs. Specifically, they 
showed that: (i) furosemide had no effect on the EGABA in the MNCs 
of salt‐loaded rats, whereas it depolarised the EGABA in euhydrated 
control rats; (ii) the level of KCC2 expression in the SON was lower 
in salt‐loaded than in control rats; (iii) the salt‐loading increased the 
phosphorylated TrkB (pTrkB) level in the SON, whereas scavenging 
TrkB agonist molecules in the SON with TrkB‐Fc during the salt‐load‐
ing prevented the depolarising shift of EGABA from occurring in SON 
MNCs; and (iv) the knockdown of BDNF in the SON with short‐hair‐
pin RNA directed against BDNF prevented the salt‐loading from de‐
polarising the EGABA of SON MNCs.

Choe et al64 excluded the role for NKCC1 in the depolarising 
shift of EGABA induced by chronic hyperosmotic/hypernatraemic 
stimulation, in contrast to the conclusions of Kim et al2,57,58 These 
investigators obtained evidence for the role of NKCC1 via in vitro 
studies involving western blot, immunohistochemistry and/or brain 
slice‐based neurophysiology experiments.2,57,58 In addition, they 
demonstrated that bumetanide (NKCC inhibitor) infused i.c.v. for a 
week between days 14 and 21 of DOCA‐salt treatment of the rat 
lowered	 the	 plasma	 VP	 level,57 although the central infusion of 
bumetanide might have had non‐specific effects. It is unclear why 
Choe et al64 could not obtain evidence for the role of NKCC1. One 
possibility is that, in Long‐Evans rats (ie, strain of rats these investi‐
gators used), the regulation of [Cl−]i in MNCs depends not so much 
on NKCC1 but, instead, on other Cl− transporter(s) such as KCC2, as 
discussed by Choe et al.64

2.2.1 | Chronic hyperosmotic/hypernatraemic 
stress alters baroreflex inhibition of MNCs

The findings of Kim et al2,57,58 and Choe et al64 showing that the 
EGABA is depolarised in the MNCs of salt‐loaded rats and DOCA‐
salt and STZ model rats predict that the well‐known baroreflex 
inhibition of MNCs mediated by GABAA signalling is reduced or 
even converted to excitation in these animals. Kim et al57 tested 
this possibility in urethane‐anaesthetised DOCA‐salt model rats 
(Sprague‐Dawley, male). They examined the effects of raising the 
blood pressure with an i.v. injection of the α‐adrenergic agonist 
phenylephrine on the extracellularly recorded single‐unit activi‐
ties of MNCs in the SON, which were antidromically identified as 

projecting	 to	 the	posterior	 pituitary,	 as	well	 as	 on	 the	VP	 levels	
in the plasma. In these experiments, Kim et al57 found that, in 
control rats, baroreceptor activation by phenylephrine injection 
mostly resulted in the inhibition of the MNCs (11 of 14 neurones) 
whereas, in the DOCA‐salt model rats, it mostly excited MNCs (12 
of 16 neurones). Also, they discovered that phenylephrine injec‐
tion	led	to	a	significant	rise	in	the	plasma	VP	concentration	in	the	
model	rats	but	had	no	effect	on	the	plasma	VP	level	in	control	rats.	
Taken together, the results of Kim et al57 strongly indicate that 
chronic hyperosmotic/hypernatraemic stress converts the ba‐
roreflex	inhibition	of	VP‐secreting	MNCs	to	excitation,	such	that	
an increase in blood pressure paradoxically promotes the output 
of these neurones. This conclusion is supported by recent stud‐
ies carried out in other laboratories with different strains of rats. 
For example, in an in vivo electrophysiological study performed 
with male Long‐Evans rats, Choe et al64 obtained results similar to 
those of Kim et al.57 That is, baroreceptor activation in salt‐loaded 
rats	excited	a	significant	proportion	of	VP‐secreting	MNCs	(six	of	
17	cells)	whereas,	in	euhydrated	control	rats,	it	inhibited	most	VP‐
secreting MNCs (nine of 10 cells). Han et al65 and Korpal et al66 
demonstrated	that	the	baroreflex	inhibition	of	VP‐secreting	MNCs	
was blunted in the angiotensin II‐dependent hypertension model 
rats (Fischer strain, male). This model of hypertension, driven 
by over‐activation of the renin‐angiotensin‐aldosterone system 
(RAAS), is produced by administering indole‐3‐carbinol to the rat 
having Cyp1a1‐Ren2 transgene in Y‐chromosome.67

The	functional	significance	of	an	altered	baroreflex	in	VP‐secret‐
ing	MNCs	is	unclear.	The	increase	in	VP	release	that	results	from	the	
altered baroreflex may be quite substantial, and sufficient to cause 
hypertension. Consistent with this hypothesis, Choe et al64 and 
Korpal et al66	found	that	systemic	administration	of	V1a	VP	recep‐
tor antagonist suppressed the blood pressure increases induced by 
salt‐loading and RAAS over‐activation, respectively. Moreover, Kim 
et al57 discovered that i.c.v. administration of bumetanide during 
DOCA‐salt	treatment	lowered	the	plasma	VP	level	(see	above)	and	
delayed the development of hypertension, whereas local injection 
of muscimol (GABAA receptor agonist) into the SON increased blood 
pressure	in	a	manner	that	could	be	blocked	by	i.v.	 injection	of	V1a	
VP	receptor	antagonist	in	DOCA‐salt	model	rats.	It	is	still	not	clear	
whether the altered baroreflex is causally linked to the increased 
VP	release.	The	increase	in	VP	release	might	be	a	result	not	only	of	
the altered baroreflex in MNCs, but also other factors, such as the 
changes of GABAA receptor‐mediated events other than baroreflex 
and increased glutamatergic transmission,53 and these factors might 
be	the	major	contributors	to	the	increased	VP	release.	Furthermore,	
it	is	possible	that	increased	VP	release	under	certain	chronic	hyper‐
osmotic/hypernatraemic conditions or in certain rat strains does not 
contribute to the generation of hypertension. Indeed, Balapattabi 
et al68 showed that, in salt‐loaded Sprague‐Dawley rats, the knock‐
down of BDNF in the SON with short‐hairpin RNA directed against 
BDNF had no effect on the rise of blood pressure induced by salt 
loading,	despite	it	preventing	salt‐loading	from	increasing	VP	release	
from the pituitary. More work is required to determine whether the 
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increase	in	VP	release	as	a	result	of	the	altered	baroreflex	contrib‐
utes significantly to the generation of hypertension.

2.3 | Case 3: Lactation weakens GABAergic 
inhibition or converts it to excitation in MNCs

Lactation	 is	associated	with	the	 increased	outputs	of	VP‐	and	OT‐
secreting MNCs, which ensure the delivery of sufficient milk to the 
offspring and prevent maternal dehydration.69,70 The increased re‐
lease	of	VP	and	OT	may	partly	be	a	 result	of	 the	 reduction	of	 in‐
hibitory GABAA signalling in MNCs. As a step toward testing this 
hypothesis, Lee et al3 examined whether GABAA signalling in MNCs 
in female rats is modulated in a reproductive stage‐dependent fash‐
ion. They found that lactation (just as chronic hyperosmotic/hyper‐
natraemic stress) caused the EGABA to depolarise in MNCs, hence 
suppressing GABAergic inhibition or even converting it to excitation 
in these neurones. Specifically, the investigators discovered that: (i) 
the EGABA was significantly depolarised in MNCs in the lactating rats 
compared to virgins; (ii) the depolarising shift in EGABA in MNCs was 
much larger in magnitude in more experienced mothers such that 
GABA exerted an excitatory, instead of inhibitory, effect in most of 
the	MNCs	(both	VP‐	and	OT‐secreting)	of	multiparous	rats;	and	(iii)	
the EGABA was less negative in rats in dry period after three repro‐
ductive cycles than in those in first lactation. Neurophysiological 
results indicated that the up‐regulation of NKCC1 and down‐regula‐
tion of KCC2 give rise to the depolarising shift of EGABA in the MNCs. 
Collectively, these findings suggest that lactation depolarises the 
EGABA in MNCs to weaken GABAergic inhibition or to convert it to 
excitation in these neurones. In addition, the findings of Lee et al3 
suggest that, in the MNCs of multiparous rats in lactation, the EGABA 
is profoundly depolarised partly because the depolarising EGABA shift 
induced by previous lactation is not fully reversed during the next 
dry period. Still, more work is required to establish whether these 
lactation‐associated changes in GABAA	signalling	in	VP‐	and	OT‐se‐
creting MNCs represent one of the mechanisms underlying the in‐
creased hormonal secretion of these cells during lactation.

2.4 | Case 4: Up‐regulation of NKCC1 blunts 
GABAergic inhibition in presympathetic parvocellular 
neurones in the PVN to increase sympathetic outflow 
in spontaneously hypertensive rats (SHRs)

Parvocellular	PVN	neurones	projecting	 to	 the	 sympathetic‐related	
regions in the brainstem and spinal cord play an important role in 
regulating sympathetic outflow.71‐74 The activities of these presym‐
pathetic	PVN	neurones	are	finely	tuned	by	excitatory	and	inhibitory	
synaptic inputs.75 Hence, the imbalance of excitation/inhibition in 
presympathetic neurones may be the basis of elevated sympathetic 
outflow in hypertension.76‐81 For example, studies performed with 
SHRs have found that reduced inhibitory GABAergic (in addition to 
enhanced excitatory glutamatergic) inputs to presympathetic neu‐
rones underlie the increased sympathetic outflow in this hyperten‐
sion model rats.75 In particular, a study by Ye et al82 has provided 

data suggesting that the impairment of GABAergic inhibition re‐
sulting from the modulation of [Cl−]i in presympathetic neurones is 
crucial for the increase of sympathetic outflow. These investigators 
found that, as a result of a significant depolarising shift of EGABA, 
GABAergic inhibition was blunted in the presympathetic neurones 
of SHRs, and also that incubating the hypothalamic slices from SHRs 
with bumetanide completely normalised the EGABA and hence re‐
stored GABAergic inhibition in these cells. These findings suggest 
that NKCC1 up‐regulation underlies the EGABA shift. Ye et al82 fur‐
ther discovered that the level of glycosylated (but not non‐glyco‐
sylated)	NKCC1	protein	was	significantly	higher	in	the	PVN	of	SHRs	
than in normotensive Wistar‐Kyoto (WKY) rats, although the KCC2 
level	 in	 the	PVN	was	not	 different	 between	SHRs	 and	WKY	 rats.	
Incubating the hypothalamic slices from SHRs with the N‐linked 
glycosylation inhibitor tunicamycin also normalised the EGABA and 
restored GABAergic inhibition in presympathetic neurones. The 
central administration of bumetanide in SHRs decreased sympa‐
thetic outflow and arterial blood pressure and made muscimol 
(GABAA	receptor	agonist)	injected	into	the	PVN	evoke	greater	sym‐
pathoinhibitory responses. Thus, the findings of Ye et al82 indicate 
that increased glycosylated NKCC1 blunts GABAergic inhibition in 
presympathetic neurones to induce and/or maintain hypertension in 
SHRs by elevating sympathetic outflow. Whether or not the change 
in GABAA signalling in presympathetic neurones is a general feature 
in hypertension remains to be determined.

2.5 | Case 5: Stress alters Cl− homeostasis in 
corticotrophin‐releasing hormone (CRH) neurones 
to remove inhibitory GABAergic constraint of the 
hypothalamic‐pituitary‐adrenal (HPA) axis

Parvocellular	CRH	neurones	in	the	PVN	respond	to	stress	with	the	
release of CRH, which in turn increases the blood glucocorticoid lev‐
els via corticotrophin secretion from the anterior pituitary.83,84 The 
neural activity and hormonal output of CRH neurones are tightly 
regulated by inhibitory GABAergic inputs,1,85 arising from interneu‐
rones	distributed	near	the	PVN.1,85,86 As such, it has been proposed 
that the release of CRH neurones from GABAergic inhibition is es‐
sential for the initiation of neuroendocrine response to stress.87,88 
Using an acute restraint stress protocol combined with in vivo mi‐
croinjections, hormone measurements and patch‐clamp record‐
ings from hypothalamic slices prepared from control and stressed 
animals, Hewitt et al89 examined the mechanisms underlying the 
release of the GABAergic inhibition. They found that: (i) blockade 
of GABAA	signalling	in	PVN	with	bicuculline	microinjection	had	no	
effect on the circulating level of corticostrone (CORT) in stressed 
animals, whereas, in control rats, it elicited a robust increase in the 
blood level of the corticosteroid; (ii) EGABA was depolarised in the 
putative CRH neurones of stressed rats, and bath‐applied furosem‐
ide (200 μmol L–1) depolarised the EGABA of putative CRH neurones 
recorded in the hypothalamic slices from unstressed control rats, 
although it had no effect in stressed rats; (iii) unlike furosemide, bu‐
metanide (10 μmol L–1) had no effect on EGABA in the cells of control 
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rats;	(iv)	in	control	rats,	furosemide	microinjection	into	the	PVN	elic‐
ited a robust increase in circulating CORT; (v) the expression levels 
of	KCC2	protein	in	the	PVN	were	not	different	between	the	control	
and stressed rats; (vi) the depression of inhibitory GABAergic re‐
sponses of putative CRH neurones occurring during high‐frequency 
stimulation was more pronounced in the stressed than control rats; 
and (vii) after stress, repetitive stimulation of GABAergic input under 
specific conditions could transiently elicit GABAergic excitation in 
putative CRH neurones. Based on these results, Hewitt et al89 con‐
cluded that acute stress decreases the Cl−‐extruding capacity of 
KCC2 in putative CRH neurones to depolarise EGABA in these cells 
and hence removes the inhibitory GABAergic constraint on the HPA 
axis. In their study, however, the possibility that increased NKCC1 
activity contributes to the depolarising shift of EGABA was not ruled 
out. Critically, the effect of blocking NKCC1 activity (eg, with bu‐
metanide) on EGABA in the putative CRH neurones of stressed rats 
was not examined. The lack of bumetanide effect demonstrated in 
the cells of control rats was expected because NKCC1 expression 
is	normally	 low	in	the	PVN	in	adult	rat.90 Furthermore, the effects 
of	NKCC	antagonist	(eg,	bumetanide)	injected	locally	into	the	PVN	
on the circulating levels of CORT in both control and stressed rats 
were not examined. Finally, we note that furosemide is not selective 
and blocks both NKCC1 and KCC2. Therefore, the relative roles of 
NKCC1 and KCC2 in mediating the depolarising EGABA shift remain 
to be clarified.

2.5.1 | Chronic unpredictable mild stress induces 
hyperactivity in the HPA by removing the GABAergic 
inhibition of CRH neurones through NKCC1 up‐
regulation

A more recent study91 examined the effects of chronic unpredict‐
able mild stress (CUMS) on the inhibitory GABAA signalling in CRH 
neurones. CUMS was inflicted by exposing the rat to two randomly 
chosen stressors per day from a total of eight stressors (cage rotation, 
cold isolation, light off, light on, forced swim, restraint stress, isola‐
tion housing and food/water deprivation) for 11 days. In unstressed 
rats, microinjection of gabazine (GABAA receptor antagonist) into 
the	 PVN	 resulted	 in	 a	 significant	 increase	 in	 plasma	 CORT	 levels,	
whereas, in CUMS rats, it had no significant effect on the CORT lev‐
els. Interestingly, CUMS caused a depolarising shift in EGABA in CRH 
neurones, making GABA excitatory in these cells. The EGABA shift was 
associated with a long‐lasting increase in NKCC1 protein level and an 
early	 transient	decrease	 in	KCC2	protein	 level	 in	 the	PVN	and	was	
normalised by bumetanide treatment. Moreover, in CUMS rats, i.c.v. 
administration of bumetanide resulted in a significant decrease in 
CORT levels, whereas it did not alter circulating CORT levels in un‐
stressed control rats. Taken together, these results reported by Gao et 
al91 indicate that chronic stress impairs GABAergic inhibition in CRH 
neurones via the up‐regulation of NKCC1. In addition, the results raise 
the possibility that KCC2 down‐regulation also contributes to the im‐
pairment of GABAergic inhibition in the early phase of post CUMS.

3  | PERSPEC TIVES

In this review, we have presented evidence indicating that, in re‐
sponse to physiological needs or in association with pathological 
states such as hypertension, postsynaptic GABAA signalling can 
switch from functionally inhibitory to excitatory. The mechanism is 
dependent upon the modulation of postsynaptic [Cl−]i as a result of 
the up‐regulation of NKCC1 and/or the down‐regulation of KCC2. 
There is a very extensive and rapidly growing literature on the role of 
(de)phosphorylation and intracellular signalling mechanisms target‐
ing individual amino acids to modulate the activity of both NKCC1 
and KCC2.4 Moreover, these mechanisms appear to be universal, re‐
gardless of neuronal types. Future studies may use this information 
on NKCC1 and KCC2 modulation (typically involving changes at the 
level of membrane insertion of the transporters) to aid in the design 
of experiments on neuroendocrine cells, and perhaps also for novel 
therapies.
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