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Abstract

Glutamatergic dysfunction has been implicated in the pathogenesis of depressive disorders and Huntington’s disease (HD), in

which depression is the most common psychiatric symptom. Synaptic glutamate homeostasis is regulated by cystine-

dependent glutamate transporters, including GLT-1 and system xc
-. In HD, the enzyme regulating cysteine (and subsequently

cystine) production, cystathionine-c-lygase, has recently been shown to be lowered. The aim of the present study was to es-

tablish whether cysteine supplementation, using N-acetylcysteine (NAC) could ameliorate glutamate pathology through the

cystine-dependent transporters, system xc
- and GLT-1. We demonstrate that the R6/1 transgenic mouse model of HD has

lower basal levels of cystine, and showed depressive-like behaviors in the forced-swim test. Administration of NAC reversed

these behaviors. This effect was blocked by co-administration of the system xc
- and GLT-1 inhibitors CPG and DHK, showing

that glutamate transporter activity was required for the antidepressant effects of NAC. NAC was also able to specifically in-

crease glutamate in HD mice, in a glutamate transporter-dependent manner. These in vivo changes reflect changes in gluta-

mate transporter protein in HD mice and human HD post-mortem tissue. Furthermore, NAC was able to rescue changes in

key glutamate receptor proteins related to excitotoxicity in HD, including NMDAR2B. Thus, we have shown that baseline re-

ductions in cysteine underlie glutamatergic dysfunction and depressive-like behavior in HD and these changes can be res-

cued by treatment with NAC. These findings have implications for the development of new therapeutic approaches for de-

pressive disorders.
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Introduction

Huntington’s disease (HD) is a severe neurodegenerative disor-

der, inflicting a triad of psychiatric, cognitive and motor symp-

toms for over half the patient’s life. The most common

psychiatric symptom is depression (1). There are currently no

available disease-modifying treatments for HD. Glutamate-

related pathology has been implicated as one of the major sour-

ces of cell dysfunction and death in HD (2). However, the

mechanism whereby neurons in HD are more prone to gluta-

mate toxicity remains unclear. By elucidating this mechanism,

we can seek out therapeutic targets that alleviate this core pa-

thology in HD.

Animal models of HD display abnormally increased excita-

tion in response to exogenous N-methyl-D-aspartate (NMDA),

but not AMPA administration, implying that the HD genotype

confers a selective NMDA receptor (NMDAR) sensitivity (3,4).

This NMDAR sensitivity is dependent on ‘extrasynaptic’ recep-

tor activation (5). In HD models, over-activation and subsequent

toxicity was seen when extrasynaptic NMDARs, primarily those

containing the 2B subunit, were stimulated (6).

Preclinical and clinical data indicates that NMDAR dysregu-

lation is also an important pathological mechanism in depres-

sion (7). Accumulating evidence points to the acute and

sustained antidepressant effects of agents such as ketamine,

which act at NMDA receptors (8). This effect is mediated by 2B-

containing receptors (9), thus providing a convergence in mech-

anisms between major depressive disorder and HD. However, in

the context of HD, it is still unclear what drives the spread of

glutamate beyond the synapse to activate extrasynaptic

NMDARs.

Glutamate is removed from the synapse through a variety of

Naþ-dependent and independent transporters, including

GLAST, GLT-1 and system xc
-. Dysfunction of these transporters,

expressed on neurons and glial cells, may contribute to extrasy-

naptic spill-over of glutamate. GLAST mRNA or expression has

not been shown to change in HD mice (10). However, GLT-1

mRNA and protein expression have been found to be reduced in

the cortex and striatum of R6 mice after the onset of motor ab-

normalities (10–13). Although HD mice did not show baseline

deficits in extracellular glutamate, they displayed decreased up-

take through GLT-1 (10,11). Decreased expression of the light

chain of system xc
- has been shown in the striatum of 6-week-

old R6/2HD mice, and this was associated with decreased gluta-

mate uptake in HD striatal cells (14). Thus, dysfunctional gluta-

mate uptake through GLT-1 and system xc
- may lead to

glutamate spill-over during times of increased glutamate re-

lease. The mechanism underlying dysfunction of these trans-

porters has not yet been characterized.

Both system xc
- and GLT-1 transport cystine into astrocytes

and therefore changes in cystine concentration can affect their

function (15). This is particularly so for system xc
-, which ex-

changes glutamate for cystine in a 1:1 ratio, whereas GLT-1 has

a lower affinity to cystine (16). Transcriptional changes in HD

may cause decreases in cysteine. Specifically, there is evidence

that mutant Huntingtin (mHTT) can inhibit transcription of the

cystathionine-c-lygase (CSE) gene (17). CSE generates cysteine

from cystathionine (18). Reductions in CSE were found in both

human and rodent models of HD, and this was associated with

lower levels of cysteine (17). Cysteine is oxidized to become cys-

tine. Cystine is more favourably found in the extracellular ma-

trix and cysteine within intracellular compartments, due to the

redox status of their molecular environment (19). Thus, by in-

hibiting CSE, mHTT lowers the availability of extracellular

cystine, which may impair activity of GLT-1 and system xc
-.

Dysfunction of astrocytic transport of glutamate can therefore

account for the excess spill-over of glutamate at the synapse.

Dysfunction of system xc
- and GLT-1 may also play a part in

depression. System xc
- knockout mice display decreased

depressive-like behaviors in the forced-swim test (FST) and tail-

suspension test (20), whilst the antidepressant effect of keta-

mine was found to be mediated by changes in GLT-1 (21). Given

that ketamine has strong potential for abuse, and may not have

optimal efficacy, other therapeutics affecting these transporters

need to be investigated. The cysteine pro-drug, N-acetylcysteine

(NAC) is one such candidate therapeutic agent.

We have recently shown that by treating HD mice with NAC

we can delay the onset and severity of motor symptoms (22). A

combination of NAC and dietary cysteine supplementation has

also been shown to decrease motor deficits and neurodegenera-

tion in HD mice (17). By donating cysteine, NAC can regulate

glutamate flux through GLT-1 and system xc
-. This action of

NAC is therapeutic in clinical and animal models of addiction

(23). NAC also donates cysteine for the production of glutathi-

one, thus acting as an antioxidant. It was originally hypo-

thesized that NAC was acting by increasing cysteine for

glutathione production. We were able to show that NAC de-

creased oxidative stress and increased mitochondrial function

in the striatum of HD mice (22). However, we found that gluta-

thione redox was unchanged and thus, the mechanism by

which NAC is acting remains unclear. The aim of this study was

to assess whether the therapeutic effect of NAC in HD is due to

the restoration of glutamate flux through astrocyte transpor-

ters, GLT-1 and system xc
-. Given the potential for glutamate re-

ceptor dysfunction to contribute to the pathophysiology of

depression, we hypothesized that NAC would also have

antidepressant-like effects in HD mice.

Results

NAC rescues a depression-like endophenotype in HD
mice

The FST is used as a measure of depressive-like behavior in ro-

dents (24) with higher levels of immobility being consistently

found in female HD mice (25). We have previously found that

acute NAC treatment (500mg/kg) is able to lower the duration of

immobility in the FST in both HD and WT male mice (22). A sig-

nificant interaction between genotype and treatment was found

in FST immobility time in response to a single injection of NAC

(i.p. 500mg/kg; F(1,47) ¼ 4.686, P¼ 0.036; Fig. 1A and B). Post-hoc

comparisons show that saline-HD mice had higher immobility

time than saline-WT mice (P< 0.01). NAC-HD mice showed im-

mobility times intermediate to saline-HD and saline-WT mice,

although no statistical differences were found. After 4 weeks of

daily injections of NAC, an interaction between treatment and

genotype was also found [F(1,51)¼4.703, P¼ 0.035]. Similarly,

post-hoc comparisons show that saline-HD mice had higher im-

mobility time than saline-WT mice (P< 0.01), with no other dif-

ferences found.

The antidepressant-like effect of NAC is dependent on
glutamate transport

In order to assess the contribution of glutamate transporters to

the acute antidepressant effects of NAC, we co-administered ei-

ther S-4-carboxyphenylglycine (CPG) or dihydrokainic acid

(DHK), inhibitors of GLT-1 and system xc
-, respectively (Fig. 1C
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and D). A significant treatment by genotype interaction was

found when looking at the effects of CPG and NAC on immobil-

ity in the FST [F(3,83)¼2.961, P¼ 0.037]. Post-hoc comparisons re-

vealed that NAC-HD mice had lower immobility than saline-HD

mice (P< 0.05). HD mice co-administered with CPG and NAC

showed higher immobility times than NAC-HD mice and did

not differ from saline-HD mice. This demonstrates that co-

administration of CPG with NAC ablates the antidepressant-like

effects of NAC in the HD mice.

A main effect of genotype [F(1,82) ¼ 9.482, P¼ 0.003] and treat-

ment [F(3,82)¼4.201, P¼ 0.008] was found when looking at the ef-

fects of DHK and NAC on FST performance. NAC-HD mice

exhibited lower immobility than Saline-HD mice (P< 0.05), con-

firming the antidepressant-like effect of NAC. HD mice co-

administered DHK with NAC showed higher immobility times

than NAC-HDmice, and were not significantly different to saline-

HD mice. This reveals that co-administration of DHK is also able

to negate the antidepressant-like effects of NAC in HDmice.

Expression of glutamate transporters in HD mice and
human post-mortem brain tissues

Western blot analysis was carried out on brain samples frommice

at 12 weeks of age, after 4 weeks of daily treatment with NAC or

vehicle. Protein levels of GLT-1 and the light chain of system xc
-,

xCT, were quantified (Fig. 2). A significant treatment-by-genotype

interaction was found in xCT expression within the striatum

[F(1,26) ¼ 4.223, P¼ 0.049]. No significant post-hoc differences were

found, however there was a trend for Saline-HD expression to be

lower than NAC-HD (P¼ 0.055) and Saline-WT expression

(P¼ 0.074). Increased xCT protein levels were found in the hippo-

campus of HD mice [F(1,26) ¼ 4.241, P¼ 0.049], whilst no changes

were found in the frontal cortex. A significant treatment-by-

genotype interaction was found in the hypothalamus [F(1,23) ¼

10.20, P¼ 0.004], with saline-HD mice expressing higher levels of

xCT than saline-WT (P< 0.05) and NAC-HDmice (P< 0.05).

Levels of xCT were also measured in human HD post-

mortem tissue (Fig. 2I–L), demonstrating xCT deficits in the cau-

date [t(22) ¼ 5.736, P< 0.001] and hippocampus [t(12) ¼ 2.620,

P¼ 0.022] of HD patients relative to matched controls.

In the HD mouse brain, GLT-1 expression was decreased in

the hippocampus [F(1,25) ¼ 5.831, P¼ 0.023] and frontal cortex

[F(1,25) ¼ 5.659, P¼ 0.025], relative to WT control littermates. There

was a trend toward a decrease in the striatum of HD mice [F(1,25)
¼ 4.111, P¼ 0.054]. In human post-mortem tissue, no changes in

GLT-1 were found in any regions (Supplementary Material, Figure

S1A). The large variance present within groups in the GLT-1 anal-

ysis led us to postulate that perhaps changes may occur selec-

tively to specific splice variants of GLT-1. This corresponds with

changes in GLT-1a and GLT-1b described previously in (26).

However, no changes in GLT-1a protein levels were observed in

any brain regions (Supplementary Material, Figure S1B).

Extracellular cystine is decreased in HD

No-net-flux analysis of cystine was conducted via in vivo micro-

dialysis in the HD hippocampus (Fig. 3). This region was

selected for several reasons: As can be seen in Figure 2, the hip-

pocampus was the only region to show genotype changes in

both xCT and GLT-1 protein levels. Although NAC treatment did

not rescue these changes, it is still likely that NAC can change

the activity of these transporters. Furthermore, decreased adult

neurogenesis, volume, and function of the hippocampus are

pathological hallmarks of major depression and HD (27,28).

Figure 1. The antidepressant effect of NAC is mediated by glutamate transpor-

ters. (A) Acute and (B) chronic treatment with NAC (500mg/kg/d) has an antide-

pressant-like effect on HD mice in the FST. For both acute and chronic tests, a

significant interaction between genotype and treatment was found. Post-hoc

tests revealed that HD-saline mice spent more time immobile than WT-saline

mice. No other groups displayed a difference. (C) The system xc
- inhibitor, CPG

(200mg/kg) was then co-administered with NAC prior to the FST. A significant

genotype-by-treatment interaction was found. Post-hoc tests revealed that NAC-

HD mice showed less immobility compared with Saline-HD mice. NAC-HD mice

did not differ from Saline-WT mice on levels of immobility. The addition of CPG

to NAC treatment ablated much of the effect of NAC, such that the immobility

of NACþCPG-HD mice was significantly higher than the NAC-HD mice and did

not differ from Saline-HD mice. (D) NAC (500mg/kg) was co-administered with

the GLT-1- inhibitor, DHK (20mg/kg) prior to administering the FST. A significant

genotype effect and a significant treatment effect were found. Post-hoc tests re-

vealed that NAC-HD mice showed less immobility compared with Saline-HD

mice. NAC-HD mice showed levels of immobility that did not differ from Saline-

WT mice. The addition of DHK ablated the effect of NAC, such that NACþDHK-

HDmice were significantly more immobile than NAC-HD mice and did not differ

from Saline-HD mice. Error bars represent mean6SEM; n¼9-15; Post-hoc com-

parisons *P< 0.05, **P<0.01.
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Cystine was infused in aCSF via reverse-dialysis at concentra-

tions ranging from 1 to 3000nM. The dialysate recovered is then

a homeostatic balance of endogenous and infused cystine.

Using linear regression a decreased net-flux was seen in HD

mice, indicating lower basal levels of extracellular cystine in HD

mice [F(1,100) ¼ 7.177; P¼ 0.009].

NAC increases extracellular glutamate and this is
dependent on system xc

- and GLT-1

In vivo microdialysis was performed to measure extracellular

levels of glutamate in response to NAC in the hippocampus (Fig.

3C). A significant effect of time was found [F(2,32) ¼ 4.508,

P¼ 0.019], with post-hoc tests revealing that HD mice had

Figure 2. Human post-mortem and mouse protein levels of xCT (system xc-) and GLT-1. (A) A significant genotype-by-treatment interaction was found in the expres-

sion of xCT in the striatum. Post-hoc differences were not significant; (B) An increase in xCT expression was seen in the hippocampus of HD mice; (C) no differences be-

tween groups were found in the frontal cortex; and (D) a significant genotype-by-treatment interaction was found in xCT expression in the hypothalamus. Post-hoc

tests revealed Saline-HD mice had higher expression than Saline-WT and NAC-HD mice. (E) No difference in GLT-1 between groups was observed in the striatum; (F) a

decrease in GLT-1 was seen in the hippocampus and (G) frontal cortex of HDmice; and (H) no difference in GLT-1 was seen between groups in the hypothalamus. In hu-

man HD post-mortem tissue, xCT was lower in the (I) caudate and (K) hippocampus. No changes in xCT were found in the (J) putamen or (L) frontal cortex. Error bars

represent mean6SEM; n¼6–12; genotype effects: #P<0.05; ###P< 0.001. Post-hoc comparisons: *P<0.05.
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significantly higher glutamate 2hours post NAC injection

(P< 0.05) with no difference at 4h post-injection.

To assess whether the increase in extracellular glutamate

was due to the effect of NAC on glutamate transporters, GLT-1

and system xc
- inhibitors (DHK and CPG, respectively) were in-

fused into the hippocampus via reverse dialysis (Fig. 3D and E).

A significant effect of time was seen with CPG infusion [F(2,32) ¼

3.830, P¼ 0.021]. Post-hoc tests revealed that WT animals co-

treated with NAC and CPG had a larger reduction in glutamate

at 4h after injection compared with NAC and CPG co-treated HD

animals (P< 0.05) and both WT and HD NAC-treated groups

(P< 0.01). A significant time-by-group interaction was found

with DHK infusions [F(6,52) ¼ 3.381, P ¼ 0.007]. Post-hoc compari-

sons revealed that HD animals co-treated with NAC and DHK

had a greater reduction in glutamate at 4h after injection com-

pared with NAC and DHK co-treated WT animals (P< 0.01) and

both WT and HD NAC-treated groups (P< 0.001).

Effects of NAC on glutamate receptor expression

Given the modulatory effect of NAC on extracellular glutamate,

we examined downstream effects of chronic NAC on glutamate

receptors expression (Fig. 4). No changes were found in the ex-

pression of NMDAR2A receptor subunits in the striatum, frontal

cortex or hypothalamus. However, NMDAR2A was decreased in

the hippocampus of HD mice [F(1,25) ¼ 6.465, P¼ 0.018]. In con-

trast, the 2B subunit was not changed in the hippocampus, or

the frontal cortex. A significant interaction was found in

Figure 3. In vivo microdialysis for cystine and glutamate. (A) Probe insertion sites were validated within perfused slices. All probe insertion sites occurred 2.46–3.30mm

posterior of bregma (figure 51–58 of Franklin and Paxinos mouse brain atlas27). Mice whose probe insertion site fell outside of the hippocampus (red lines) were re-

moved from statistical analyses. (B) Cystine no-net-flux analysis was conducted to assess basal levels of cystine within the hippocampus. HD mice have a significantly

lower gradient than WT mice indicating lower levels of cystine (P< 0.01; n¼7). (C) HD mice show increased extracellular glutamate in response to NAC (i.p. 500mg/kg).

A significant effect of time was found with post-hoc tests revealing that HD mice show higher extracellular glutamate compared with WT, 2h after injection. CPG

(100 lM) and DHK (50 lM) were infused after systemic NAC administration (i.p. 500mg/kg). (D) A significant effect of time was found with post-hoc tests revealing that

WT mice given a CPG infusion had lower extracellular glutamate at 4h post NAC administration, compared with all other groups. (E) A significant effect of time was

found with post-hoc tests revealing that HD mice given a DHK infusion had lower extracellular glutamate at 2 and 4h post NAC administration, compared with all other

groups. Error bars represent mean6SEM; n¼4–10; post-hoc comparisons: *P<0.05.
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expression of NMDAR2B protein within the striatum [F(1,24) ¼

8.814, P¼ 0.007] and hypothalamus [F(1,24) ¼ 6.003, P¼ 0.022].

Post-hoc comparisons revealed that expression was higher in

saline-HD than saline-WT (P< 0.01), NAC-HD (P< 0.05) and

NAC-WT (P< 0.05) in the striatum. NMDAR2B expression was

higher in Saline-HD than Saline-WT (P< 0.01) and NAC-HD

(P< 0.05) in the hypothalamus.

Expression of a specific AMPA receptor subunit (AMPARa3)

was decreased in the striatum of both WT and HD animals

treated with NAC [F(1,24) ¼ 6.003, P¼ 0.022]. AMPARa3 expression

was lowered in the hippocampus [F(1,25) ¼ 13.71, P¼ 0.001] and

frontal cortex of HD mice [F(1,24) ¼ 4.326, P¼ 0.048]. A significant

genotype-by-treatment interaction was found in AMPARa3

expression in the hypothalamus [F(1,24) ¼ 6.537, P¼ 0.017],

with post-hoc comparisons revealing that Saline-HD mice have

higher expression than NAC-HD mice (P< 0.01). Finally, no

changes were found in the expression of either mGluR2 or

mGluR5 (Supplementary Material, Figure S2) in any brain regions.

Discussion

NAC shows antidepressant effects dependent on system
xc
- and GLT-1 in HD

Our results show that NAC exerts a rapid antidepressant-like ef-

fect, which is maintained after 4 weeks of treatment. Although

we have previously demonstrated beneficial effects of NAC on

oxidative stress and mitochondrial function in HD mice, these

are longer-term processes (22). We therefore hypothesized that

the mechanism of action underpinning the acute behavioral re-

sponse to NAC in the FST was more likely to be through rapid

modulation of glutamate flux. System xc
- and GLT-1 are both nec-

essary for the homeostasis of glutamate and cystine in astro-

cytes and at excitatory synapses (16,29,30). We were able to

block the acute antidepressant-like effects of NAC by co-

administering CPG and DHK, specific inhibitors of these trans-

porters. Thus, the therapeutic effects of NAC are dependent on

GLT-1 and system xc
-. These therapeutic effects reflected in vivo

Figure 4. Protein levels of glutamate receptors in mice. No changes in NMDAR2A expression were seen in the (A) striatum, (C) frontal cortex or (D) hypothalamus. (B)

However, a reduction was seen in the hippocampus of HD mice. (E) A significant genotype-by-treatment interaction was found in levels of NMDAR2B in the striatum.

Post-hoc tests revealed that HD-saline mice had higher expression than all other groups; (F) No differences in NMDAR2B expression were seen in the hippocampus or

(G) frontal cortex. (H) A significant treatment-by-genotype interaction was found in the hypothalamus, with post-hoc tests revealing that Sal-HD mice showed higher

levels of NMDAR2B relative to both Sal-WT and NAC-HD. (I) AMPAa3 expression was lower in the striatum of NAC-treated mice. HD mice showed decreased expression

in both the (J) hippocampus and (K) frontal cortex. (L) A significant treatment-by-genotype interaction was found in the hypothalamus, with post-hoc tests revealing a

difference between HD-saline mice and HD-NAC mice. Error bars represent mean6SEM; n¼ 6-8; post-hoc comparisons: *P < 0.05, **P < 0.01.
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changes in glutamate homeostasis (see Fig. 5 for a summary

diagram).

Cystine regulates glutamate homeostasis through
system xc

-

We have shown that extracellular cystine is decreased in the

hippocampus of HD mice. This is likely due to mHTT-induced

reductions in the transcription of CSE, the enzyme that regu-

lates cysteine production in the brain (17). Considering cystine

is a rate-limiting substrate required for activity of system xc
-,

these reductions are likely to decrease the export of glutamate.

By supplementing cysteine with NAC, there was a HD-specific

increase in glutamate. Furthermore, infusion of the system xc
-

inhibitor, CPG, blocked the NAC-induced spike in glutamate.

These functional changes mirror the reductions in xCT. xCT is

the light-chain of system xc
-, which conveys substrate specific-

ity. Depletion of this protein was found in the striatum of HD

mice and in the caudate and hippocampus of human post-

mortem tissue, supporting the theory that reductions in cystine

dysregulates glutamate export through system xc
-. This corre-

lates with a previous independent study which showed lowered

xCT in the striatum of HD mice (14). Furthermore, NAC was able

to restore xCT levels in the HD mouse striatum, indicating that

chronic cysteine supplementation rescues HD-induced reduc-

tions in system xc
-. However, increases in xCT were found in the

mouse HD hippocampus. The regional disparity in xCT may rep-

resent differential pathological progressions. The striatum is

known to show degenerative changes prior to the hippocampus

in HD (31). At this stage of the disease progression, xCT may be

compensating for the lack of cystine in the hippocampus, whilst

this capacity has been lost in the striatum due to the more ad-

vanced neurodegeneration. This may also explain why xCT was

lowered in both the hippocampus and caudate of HD post-

mortem tissue, which was from a comparatively later stage in

the disease.

Decreased uptake of glutamate through GLT-1 is medi-
ated by cystine supplementation

GLT-1 inhibitors also blocked the NAC-induced spike in gluta-

mate, and further lowered glutamate in HD mice. This may be

secondary to increased glutamate release from system xc
-, pro-

viding more substrate for GLT-1 uptake of glutamate.

Alternatively, it may represent direct actions of cystine as a sub-

strate for GLT-1. Reductions in cystine may be causing the

Figure 5. A proposed model of pathogenesis mediating abnormal glutamate homeostasis and dysfunction of excitatory tripartite synapses. (A) mHTT inhibits tran-

scription of CSE, (B) leading to reductions in extracellular cysteine and cystine. Lower cystine disrupts transport of glutamate through both system xc
- and GLT-1.

Specifically, (C) cystine is not taken up into astrocytes through system xc
-, reducing export of glutamate, whilst (D) glutamate is not removed from the extracellular

space via GLT-1. (E) Increased extrasynaptic glutamate is then able to activate aberrant NMDAR2B, leading to glutamate-related pathologies. (F) Supplementing cyste-

ine using NAC, increased synaptic glutamate transport via GLT-1 and system xc
-.
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decreased levels of GLT-1 observed in the hippocampus and

frontal cortex of HD mice (with a trend towards a decrease in

the striatum). This aligns with previous research showing de-

creased GLT-1 protein in the striatum and cortex of transgenic

mice (10,11,32), with one study showing a decrease in GLT-1

protein in the striatum of human HD post-mortem tissue (33).

This allows excess glutamate to accumulate at extrasynaptic

sites. It is through the activation of glutamate at extrasynaptic

receptors, that glutamate-related pathology in HD is mediated

(6). However, we were unable to replicate the GLT-1 reduction in

human post-mortem tissue.

We found no reductions in either total GLT-1 or the GLT-1a

splice variant. Analysis of western blots in a previous study

shows a thin clear band representing GLT-1 protein (33). This is

similar to the detection of GLT-1 in mouse brains in our present

study. However, our human antibodies detect a thick smear,

which is similar to previous studies [for review see (34)]. Future

studies need to clarify the differences in these antibodies to

help elucidate the precise GLT-1 changes occurring in HD.

To the authors’ knowledge, the pattern of lowered GLT-1 in

the hippocampus and increased GLT-1 in the hypothalamus

has not been reported elsewhere. Importantly, the increase in

hypothalamic GLT-1 was ablated by chronic NAC treatment.

This may relate to hyper-activation of the HPA-axis which has

been found to be associated with depression-like behaviors in

HD mice (35). Specifically, glutamatergic inputs to the paraven-

tricular nucleus (PVN) of the hypothalamus regulate the excita-

tion and release of corticotrophin releasing hormone (36). Thus,

over-excitation in the PVN may represent a chronically acti-

vated stress response. Considering NAC administration did not

rescue changes in hippocampal GLT-1 or xCT expression, it may

be that chronic NAC exerts antidepressant effects through

changes in the hypothalamus.

Effects on glutamate receptors

HD is associated with changes in expression of glutamate recep-

tors, particularly the NMDA 2A and 2B receptor subunits (6).

Furthermore, gene expression profiling (data not shown) iso-

lated further glutamate receptors that may be of interest, in-

cluding AMPARa3 and mGluR3. Other targets were identified

based on studies which have shown that modulation of groups I

and II metabotropic glutamate receptor (mGluR1/5 and mGluR2/

3, respectively) was therapeutic in mouse models of HD (37–39).

These receptors have also been shown to be modulated by NAC

in animal models of addiction, leading to therapeutic metaplas-

tic changes (40).

Glutamate toxicity in HD is dependent on the NMDARs con-

taining the 2B subunit (6). We replicated this finding in an inde-

pendent model, showing the 2B subunit was increased in the

HD striatum. Chronic NAC rescued this change, indicating that

aberrant NMDAR signalling was ameliorated in the striatum.

Thus, by supplementing cysteine, we were able to increase the

levels of this species in the extrasynaptic space. This increased

the activity of both GLT-1 and system xc
-, re-establishing synap-

tic glutamate homeostasis, preventing excess extrasynaptic glu-

tamate inducing aberrant NMDAR-2B activation. This is likely to

have downstream consequences on mitochondrial function, as

observed in our previous study (22).

Increased NMDAR activation leads to increased calcium ion

influx into the cell and subsequently, into mitochondria. HD mi-

tochondria have impaired capacity to deal with increased cal-

cium load (41) and we have previously shown that NAC rescues

mitochondrial dysfunction and oxidative stress in HD mice (22).

Thus, it is likely that through restoration of synaptic glutamate

homeostasis via transporters, system xc
- and GLT-1, NAC de-

creases activation and expression of NMDA-2B receptors, rescu-

ing mitochondrial dysfunction and oxidative stress.

These changes in glutamate receptor tone may be caused by

activation of specific mGluRs, as observed in models of addic-

tion (40). However, there were no changes in group I or II mGluR

(i.e. mGluR2 and mGluR5) levels in HD mice, indicating that the

change in glutamatergic receptor tone was more likely due to

changes in synaptic glutamate.

NAC did not modulate the reductions in NMDAR2A or

AMPAR in the hippocampus or frontal cortex of HD mice. This

implies that although NAC can rescue changes in pathological

NMDAR activation through 2B containing-receptors, it is unable

to rescue changes in synaptic plasticity associated with

NMDAR2A and AMPAR. This may explain why NAC has not

been able to rescue a hippocampal-dependent cognitive deficit

in this mouse model (data not shown).

Implications for depression

Our findings have wider implications for research into depres-

sion. We highlight the importance of cysteine/cystine in regu-

lating glutamate flux in the hippocampus of HD, with

associated changes in depressive-like behavior. This was regu-

lated by glutamate transporters, GLT-1 and system xc
-.

GLT-1 has recently been implicated in the pathogenesis of

depression, with preclinical models showing lowered GLT-1

function in the amygdala and hippocampus associated with

depression-like behaviors (42,43), whilst RNA and protein levels

are also decreased in the post-mortem brain of depressed pa-

tients (44). Increasing GLT-1 is thought to exert therapeutic ef-

fects via reducing NMDAR activation, in a manner akin to the

acute antidepressant action of ketamine.

NAC has previously been shown to ameliorate depressive

symptoms in bipolar patients (45). The therapeutic mechanism

was hypothesized to be related to glutathione redox and antiox-

idant activity. Our findings indicate regulation of glutamate ho-

meostasis through cystine-dependent transporters is a more

likely downstream mechanism underlying the antidepressant

effect of NAC.

Glutamate-related pathology has long been implicated in

HD. We provide evidence that reductions in cysteine/cystine

cause glutamate dyshomeostasis in HD transgenic mice. We

show these changes underlie depressive-like behavior in these

mice, and by increasing cysteine (using NAC) we were able to

rescue depressive-like behavior and glutamate homeostasis.

These were reflected in long-term changes of glutamate trans-

porters and receptors, including NMDAR2B. Taken together

with previous studies showing therapeutic effects in preclinical

models of HD and clinical studies of depression, NAC is a strong

candidate for clinical trials in HD.

Materials and Methods

Mice

R6/1 transgenic hemizygote males (46) were originally obtained

from the Jackson Laboratory (Bar Harbor, ME, USA) and bred

with CBB6 (CBA–C57/B6) F1 females to establish the R6/1 colony

at the Florey Institute of Neuroscience and Mental Health.

Standard housing conditions have been described previously in

(22). All animal experiments were approved by the Florey
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Institute Animal Ethics Committee, following the guidelines of

the National Health and Medical Research Council (NHMRC).

Behavioral pharmacology experiments

Forced-swim test

The FST was conducted as described previously in (25). Three

separate FST experiments were performed: (i) Acute effects of

NAC were assessed at 8 weeks of age around the time of pheno-

type onset and prior to motor dysfunction (n¼ 12–15); (ii)

Chronic effects of NAC, at 12 weeks of age, after 4 weeks of

treatment (n¼ 12–15); and (iii) acute co-administration of gluta-

mate transport inhibitors with NAC at 12 weeks of age (n¼ 9–

15). Experiments 1 and 2 were performed on the same cohort of

mice. Experiment 3 was performed on two separate cohorts,

with groups balanced between cohorts.

Pharmacological challenges

For experiment 1, NAC (500mg/kg) or vehicle (saline) were in-

jected (i.p.) 1h prior to the FST. Mice were 8-weeks old and be-

haviorally naı̈ve. For experiment 2, daily injections began on the

following day and continued until mice were culled at 12 weeks.

For experiment 3, the GLT-1 inhibitor dihydrokainic acid

(20mg/kg) and the system xc- inhibitor (S)-4-carboxyphenylgly-

cine (200mg/kg) were injected (i.p.) 1.5 h prior to FST (i.e. 30min

prior NAC). Doses were taken from previous studies (47–51).

Microdialysis

Surgery was conducted on behaviorally naı̈ve female mice aged

8–9 weeks. Mice were allowed to recover for 1 week prior to ex-

periments beginning. Coordinates for the ventral hippocampus

were, from bregma: �3.3mm posterior, 2.0mm right, 0.5mm

deep, at an angle of 12.5� (Fig. 3) (52).

Microdialysis was conducted as described previously in (53).

For systemic NAC experiments (i.p.; 500mg/kg), aCSF was in-

fused at a rate of 0.5 ll/min, with samples collected in 1h bins.

Two-hour infusions of either CPG (100 lM) or DHK (50 lM) were

co-administered.

For no-net-flux experiments, increasing concentrations of

cystine (Sigma no. C7602; 10, 30, 100, 250, 500, 1000 and 3000nM)

were infused at a rate of 1 ll/min. Concentrations increased ev-

ery hour and samples were collected in 30min bins.

HPLC and mass spectrometry

Glutamate

An Agilent Technologies 1260 HPLC was coupled with Agilent

Technologies 1100 fluorescence detector for quantification of

glutamate, based on previous procedures (54,55) with some

modifications. A Phenomonex Gemini-C18 (5lm� 4.6mm�

150mm) reversed phase column was used with a gradient mo-

bile phase of 40mM phosphate buffer (pH 5.88) containing 30%

MeOH increasing to 50% MeOH over 5.5min, which was held for

a further 4.5min. The autosampler was temperature controlled

at 4 �C. Derivatization was completed using an injector program

to react sample and borate buffer (75mM; pH 10.4) with the OPA

derivatizing reagent (5mg/ml containing 0.1% b-mercaptoetha-

nol). The mixture was allowed to react for 2min before

injection.

Cystine

Agilent Technologies 6495 triple quadrupole LC-MS was used

for the quantification of cystine. Samples were derivatized and

cystine was reduced using TCEP prior to analysis, as described

previously in (56).

Western blotting

Mouse and human brains were prepared and immunoblots per-

formed on 10% acrylamide/bis-tris gels as described previously

in (22). Human brain tissue was donated by the Victorian Brain

Bank Network (see Supplementary Material, Table 1, for patient

characteristics). The following primary antibodies were used: b-

Actin (Cell Signaling Technologies, no. 3700; 1:5000), GLT-1

(Millipore no. ABN102; 1:1000), mGluR2 (Abcam no. Ab15672;

1:500), mGluR5 (Abcam no. Ab76316; 1:500), NMDAR2a (Cell

Signaling Technologies no. 4205; 1:500), NMDAR2b (BD

Bioscience no. 610417; 1:500), xCT (Abcam no. Ab175186; 1:1000).

PAN-GLT-1, GLT-1a and GLT-1b were produced by David Pow, at

RMIT University, Melbourne, Australia. Analyses of results were

carried out as ratio of protein-of-interest:b-actin, before being

converted to percentages compared with controls.

Statistics

Statistical analyses were performed using IBM SPSS statistics

Version 21.0 (IBM, Armonk, NY, USA) and GraphPad Prism 6

(GraphPad software, Inc., LA Jolla, CA). Microdialysis no-net-flux

data was analyzed by comparing slopes and intervals using lin-

ear regression, whilst drug responses were measured using

two-way repeated-measures ANOVA. If sphericity was violated,

Greenhouse-Geisser corrections were used. If significant inter-

actions were found, alpha-levels for post-hoc comparisons were

corrected using Bonferroni’s method. All other data were ana-

lyzed using two-way ANOVAs. Alpha levels for post-hoc compar-

isons were corrected using Fisher’s method. In all cases

significance was set at P< 0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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