
Ammonia Mediates Methamphetamine-Induced Increases in
Glutamate and Excitotoxicity

Laura E Halpin1, Nicole A Northrop1 and Bryan K Yamamoto*,1

1Department of Neurosciences, University of Toledo College of Medicine, Toledo, OH, USA

Ammonia has been identified to have a significant role in the long-term damage to dopamine and serotonin terminals produced by

methamphetamine (METH), but how ammonia contributes to this damage is unknown. Experiments were conducted to identify whether

increases in brain ammonia affect METH-induced increases in glutamate and subsequent excitotoxicity. Increases in striatal glutamate

were measured using in vivo microdialysis. To examine the role of ammonia in mediating changes in extracellular glutamate after METH

exposure, lactulose was used to decrease plasma and brain ammonia. Lactulose is a non-absorbable disaccharide, which alters the

intestinal lumen through multiple mechanisms that lead to the increased peripheral excretion of ammonia. METH caused a significant

increase in extracellular glutamate that was prevented by lactulose. Lactulose had no effect on METH-induced hyperthermia. To

determine if ammonia contributed to excitotoxicity, the effect of METH and lactulose treatment on calpain-mediated spectrin proteolysis

was measured. METH significantly increased calpain-specific spectrin breakdown products, and this increase was prevented with lactulose

treatment. To examine if ammonia-induced increases in extracellular glutamate were mediated by excitatory amino-acid transporters,

the reverse dialysis of ammonia, the glutamate transporter inhibitor, DL-threo-b-benzyloxyaspartic acid (TBOA), or the combination of

the two directly into the striatum of awake, freely moving rats was conducted. TBOA blocked the increases in extracellular glutamate

produced by the reverse dialysis of ammonia. These findings demonstrate that ammonia mediates METH-induced increases in

extracellular glutamate through an excitatory amino-acid transporter to cause excitotoxicity.

Neuropsychopharmacology (2014) 39, 1031–1038; doi:10.1038/npp.2013.306; published online 20 November 2013
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INTRODUCTION

Methamphetamine (METH) is an abused psychostimulant
that causes persistent damage to dopamine and serotonin
terminals in the striatum, prefrontal cortex, and hippocam-
pus (Ricaurte et al, 1980; Seiden et al, 1988; Wagner et al,
1980). The long-term dopamine and serotonin terminal
damage is associated with numerous cognitive deficits
exhibited by METH users and has more recently been
shown to correlate with the potential for relapse of drug use
(Clark et al, 2006; Johanson et al, 2006; Rogers et al, 1999;
Simon et al, 2002; Volkow et al, 2001; Wang et al, 2012).
Numerous convergent mechanisms have been identified

to have a role in the persistent dopamine and serotonin
terminal damage produced by METH and include metabolic
compromise, oxidative stress, and excitotoxicity (Yamamoto
and Raudensky, 2008). Recently, acute liver damage and
increases in ammonia have also been implicated (Halpin
and Yamamoto, 2012), but how ammonia contributes to this

neuronal damage and the mechanisms that mediate the
neurotoxic effects of METH remain unknown.
METH has been shown to significantly increase extra-

cellular glutamate within the striatum (Nash and Yamamoto,
1992), a region known to contain calcium-permeable AMPA
receptors that are located presynaptically on dopamine
and serotonin terminals (Betarbet and Greenamyre, 1999;
Hernandez et al, 2003; Keefe et al, 1993; Nash and
Yamamoto, 1992). Blockade of METH-induced increases
in glutamate, activation of AMPA or NMDA receptors, or
NOS-derived peroxynitrite protect against the mitochon-
drial and neuronal damage produced by the drug and
provide evidence for activation of calcium-dependent
proteases such as calpain in mediating the long-term
damage to dopamine and serotonin terminals elicited by
METH (Farfel et al, 1992; Staszewski and Yamamoto, 2006;
Tata and Yamamoto, 2007). Calpain is a calcium-activated
protease that is activated in the context of excitotoxicity
in response to significant increases in intracellular
calcium. Calpain causes proteolysis of numerous essential
cytoskeletal components including non-erythroid spectrin
(Gerencser et al, 2009; Goll et al, 2003; Pike et al, 2001;
Saggu et al, 2010; Siman et al, 1989).
Although METH increases corticostriatal glutamate

release through a polysynaptic, D1-receptor-mediated dis-
inhibition of corticostriatal projections (Mark et al, 2004),
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synaptic glutamate is also regulated by amino-acid trans-
porters (EAAT) that are located primarily on astrocytes and
transport extracellular glutamate from the synapse into
astrocytes. A potential modulator of extracellular glutamate
and glutamate uptake by astrocytes is ammonia (Chan et al,
2000; Gorg et al, 2010; Gorg et al, 2007; Norenberg, 1987).
This is particularly relevant in the context of the pharma-
cological actions of METH because ammonia has been
identified recently as a novel, peripherally derived mediator
of METH neurotoxicity (Halpin and Yamamoto, 2012).
Despite this association, the specific mechanism by which
ammonia contributes to METH neurotoxicity is unknown,
although ammonia at high micromolar to millimolar
concentrations caused by hepatotoxicity is known to
contribute to global neuronal damage through excitotoxic,
oxidative, metabolic, and neuroinflammatory processes
(Cauli et al, 2007; Chan et al, 2000; Hawkins et al, 1973;
Kosenko et al, 1997; Kosenko et al, 2003).
The objective of the current study is to examine the

contribution of peripherally derived ammonia to METH-
induced elevations in extracellular glutamate and excito-
toxicity in the striatum. It is hypothesized that ammonia
increases extracellular striatal glutamate through an altera-
tion in glutamate transporter function, the result of which is
calpain-mediated spectrin proteolysis indicative of calcium-
dependent excitotoxicity (Siman et al, 1989). To evaluate
the role of ammonia, we used the non-absorbable
disaccharide lactulose, which is a primary treatment for
hepatic encephalopathy and is used to lower elevated
plasma ammonia resulting from hepatotoxicity (Al Sibae
and McGuire, 2009; Jia and Zhang, 2005; Nicaise et al, 2008).
Subsequent to oral administration, lactulose remains in the
gut and increases the fecal excretion of ammonia through
numerous mechanisms including acidifying the intestinal
lumen to trap enterohepatically cycling NH4

þ , functioning
as a laxative to increase intestinal motility and decrease
protein absorption, which is the sole dietary source of
ammonia, and through increasing ammonia metabolism by
intestinal bacteria (Mortensen, 1992; Panesar and Kumari,
2011). To examine a mechanism by which peripheral
ammonia contributes to increases in glutamate at the
concentrations achieved in the brain during METH
exposure, we examined extracellular striatal glutamate in
rats treated with lactulose to alter plasma and brain
ammonia concentrations. In addition, we also investigated
the effects of the local antagonism of EAAT on glutamate
during the direct administration of ammonia into the
striatum.

MATERIALS AND METHODS

Male Sprague Dawley rats received METH (10mg/kg, q 2 h
� 4, i.p.) or saline (1ml/kg, q 2 h � 4, i.p.). This dosing
paradigm models the concentration and binge paradigm
reported in METH-dependent humans and produces long-
term depletions of dopamine and serotonin terminals
(Cruickshank and Dyer, 2009; McCann et al, 1998;
McKetin et al, 2006; Ricaurte et al, 1982; Wagner et al,
1980). Peripheral ammonia excretion was increased using
lactulose, as it is a well-known treatment that enhances
ammonia excretion and attenuates the increases in plasma

ammonia and neurological symptoms of hepatic encephalo-
pathy (Al Sibae and McGuire, 2009; Jia and Zhang, 2005;
Nicaise et al, 2008). In lactulose experiments, rats received
lactulose (5.3 g/kg) or vehicle via oral gavage every 12 h for 2
days before METH treatment until the day before rats were
killed (Halpin and Yamamoto, 2012). This drug treatment is
known to fully block the increases in both plasma and brain
ammonia concentrations produced by METH. All rats were
killed by live decapitation 5 days after the METH or saline
treatment.
Subcutaneous temperature transponders were implanted

into the rats 2 days before the beginning of each experiment
to allow for remote monitoring of temperature and to
reduce stress that would otherwise be produced by rectal
measures. The transponders used were 2.2� 14mm and
weighed 120mg (IPTT-300 transponder, BMDS).
All treatments were carried out in accordance with the

National Institute of Health Guide for Care and Use of rats.
All treatments are approved by the University of Toledo
Institutional Animal Care and Use Committee.

In Vivo Microdialysis

Intracranial probes were constructed using PE 20 tubing
(Becton Dickinson), silica tubing (OD of 150 mm, Polymicro
Technologies), 26-ga stainless steel hypodermic tubing
(Small Parts), hollow fiber microdialysis membrane (4mm
of active membrane, MWCO 13 000, 216 mm, Spectrum
Labs), 2-ton waterproof epoxy and tygon microbore tubing.
Surgeries were performed the day before drug treatment.
Rats were anesthetized using xylazine (5mg/kg) and
ketamine (75mg/kg) and the probe was stereotaxically
lowered into the striatum (APþ 1.2, MLþ 3.0, DV� 6.5
mm). One day later and after a 1-h equilibration period,
baseline samples were collected every hour for 3 h at a flow
rate of 1.5 ml/min. Samples were collected every hour during
METH or saline treatment until 2 h after the last drug
injection. Artificial cerebrospinal fluid (aCSF), ammonia
(200 mM), the EAAT antagonist DL-threo-b-benzyloxyas-
partic acid (TBOA; 500 mM), or the combination of
ammonia and TBOA were reverse dialyzed into the striatum
and extracellular glutamate was measured. The concentra-
tion of TBOA administered via microdialysis is based on
that which was demonstrated to block glutamate transpor-
ter-mediated increases in glutamate without significantly
affecting baseline glutamate levels (Haskew-Layton et al,
2008). The concentration of ammonia for reverse dialysis
was that which was observed in the striatum during
systemic METH treatment (Halpin and Yamamoto, 2012).
TBOA treatment began 1 h before ammonia exposure.
Samples were collected every 30min and for 4 h after
ammonia or aCSF. Probe placement was verified histologi-
cally.

HPLC Analysis of Glutamate

Dialysate samples (20 ml) were injected onto a C18 column
(150� 2mm, 3 mm particle diameter, Phenomenex) and
eluted with a mobile phase containing 0.1M Na2HPO4,
0.1mM EDTA, and 7.5% methanol (pH 3.2). Glutamate was
derivatized for electrochemical detection with o-pthaldial-
dehyde and quantitated with an LC-4C amperometric
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detector (BAS Bioanalytical) as previously described
(Donzanti and Yamamoto, 1988). Data were recorded using
EZ Chrom Software.

Analysis of Spectrin Breakdown Products and GFAP

The specific spectrin breakdown product at 145 kDa is a
marker for excitotoxic damage (Harris and Morrow, 1988,
Staszewski and Yamamoto, 2006) and is mediated by
calpain, a calcium-activated protease. The spectrin break-
down products at 120 kDa were also measured, as it is
specific for caspase-medated spectrin proteolysis (Pike et al,
2001). In addition, protein expression of glial fibrillary
acidic protein (GFAP) was measured as an indicator of
astrocyte activation.
To examine the contribution of ammonia to METH-

induced excitotoxic terminal damage and astrocyte
activation, the spectrin breakdown products and GFAP, res-
pectively, were measured via western blot, in the striatum of
rats treated with lactulose or vehicle and then challenged
with METH or saline. Rats were killed by rapid decapitation
5 days after METH or saline challenge to groups pretreated
with lactulose or vehicle treatment. Striata were dissected
and homogenized in a buffer containing 10mM Tris, 10mM
EGTA, 250mM sucrose, and Halt protease inhibitor cocktail
(Thermo Scientific). Equal amounts of protein (30 mg for
spectrin and 20 mg for GFAP) from each sample were
separated via electrophoresis and transferred to a PVDF
membrane. Spectrin breakdown products were examined
using an antibody for non-erythroid a-spectrin (MAB1622;
Chemicon) and a HRP-conjugated secondary antibody.
GFAP was detected using a mouse monoclonal antibody
(1 : 3000, cat. no. 814369, Boehringer Mannheim) and a goat
anti-mouse HRP-conjugated secondary antibody (Santa
Cruz Biotechnology). The loading and transfer control, a-
tubulin, was detected using a mouse monoclonal primary
antibody (1 : 3000, cat. no. T6074, Sigma) and goat anti-
mouse HRP-conjugated secondary antibody (Santa Cruz
Biotechnology).
The immunoreactive spectrin breakdown products

at 120, 145 and 230 kDa and GFAP were analyzed on
membranes by densitometry using the Fuji LAS-400
Mini System. Immunoreactivity of the spectrin break-
down products and GFAP were normalized to a-tubulin
and data are expressed as a percentage of vehicle-saline-
treated rats.

Statistical Analysis

Calpain-mediated spectrin proteolysis and GFAP levels were
analyzed using two-way ANOVA tests followed by Tukey’s
post-hoc comparisons. These tests were performed using
SigmaPlot 11.0 Software (Systat Software, SigmaPlot for
Windows). Statistical analysis of brain glutamate levels was
carried out using repeated-measures ANOVA tests, with
each time point as a within-subjects factor and lactulose and
METH treatment as between-subjects factor. These tests
were performed using SPSS Statistics 17.0 Software (IBM
Corporation). All data are presented as mean±SEM. a level
in all studies is 0.05 or less and sample sizes were chosen to
result in a power of 0.80 or greater.

RESULTS

Effect of Ammonia on METH-Induced Increases in
Extracellular Glutamate

To determine the degree to which ammonia contributes
to the increases in extracellular glutamate produced during
systemic METH treatment, rats were pretreated with
lactulose or vehicle and then treated with METH or saline.
Extracellular glutamate was measured in vivo using micro-
dialysis during treatment with METH or saline (Figure 1).
Baseline extracellular glutamate concentrations in all groups
were 1365.24±183.69 pg/20 ml. A repeated-measures ANO-
VA shows a main effect of METH treatment (F(7,167)¼ 5.03,
Po0.050) and a significant interaction between METH and
lactulose treatment (F(7,167)¼ 3.30, Po0.050). Striatal glu-
tamate levels were significantly elevated in METH-treated
rats at the 6-h time point (F(3,20)¼ 4.77, Po0.05). These
data demonstrate that increasing peripheral ammonia
excretion with lactulose blocks METH-induced elevations
in glutamate.

Effect of Ammonia on METH-Induced Calpain-Mediated
Spectrin Proteolysis

METH produced a 51.2±12.4% increase in calpain-specific
spectrin breakdown, which was completely blocked by
lactulose treatment. A two-way ANOVA revealed a sig-
nificant interaction between METH and lactulose treatment
(F(3,31)¼ 5.74, Po0.05). Post-hoc Tukey tests indicate that
METH has a significant effect on calpain-specific spectrin
breakdown (q¼ 6.34, Po0.001) and this effect is blocked by
lactulose treatment (q¼ 4.84, Po0.005; Figure 2a). A repre-
sentative western blot for spectrin and a-tubulin immunor-
eactivity is also shown (Figure 2b). The caspase-specific
spectrin breakdown product at 120 kDa as well as the
230-kDa band indicative of whoel spectrin were also

Figure 1 Effect of ammonia on systemic METH-induced increases in
extracellular glutamate: rats were treated with METH (10mg/kg, q 2 h � 4)
or saline (1ml/kg, q 2 h � 4) and lactulose (5.3 g/kg every 12 h) or vehicle
(8ml/kg every 12 h). During METH treatment (arrows denote injections),
striatal glutamate concentration was monitored using in vivo microdialysis.
VehicleþMETH treatment significantly increases brain glutamate concen-
trations starting at timepoint 6. Lactulose pretreatment blocks the increase.
(*Po0.05; n¼ 8–10 rats per group).
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measured and were not affected by METH and/or Lactulose
treatments.

Effect of Ammonia on METH-Induced GFAP Expression

METH increased GFAP protein expression by 70.0±16.5%,
and this increase was prevented by lactulose treatment. A
two-way ANOVA revealed a significant interaction between
METH and lactulose treatment (F(1,31)¼ 5.76, Po0.05).
Post-hoc Tukey tests indicate that METH produces a
significant increase in GFAP expression (q¼ 4.93,
Po0.005) and METH-treated rats that received lactulose
treatment had significantly less GFAP expression than those
that received vehicle (q¼ 4.35, Po0.005) (Figure 3a). A
representative western blot for GFAP and a-tubulin
immunoreactivity is presented in Figure 3b, illustrating
the GFAP immunoreactive positive band at 55 kDa and the
a-tubulin immunoreactive band at 50 kDa.

Effect of Lactulose on Body Temperature

To examine if lactulose affected body temperature during
METH treatment, temperatures were measured at 1 h after

injection with METH or saline in rats that were treated
with lactulose or vehicle. METH produced a significant
increase in body temperature throughout drug treat-
ment that was not affected by treatment with lactulose
(Figure 4).

Effect of Locally Administered Ammonia and Glutamate
Transporter Function on Extracellular Glutamate

To examine if the elevation of brain ammonia observed
during systemic METH treatment alters extracellular
glutamate concentrations, ammonia was directly adminis-
tered via reverse dialysis into the striatum for 8 h during
which changes in extracellular glutamate were measured
(Figure 5). A repeated-measures ANOVA shows that
ammonia significantly increased brain extracellular gluta-
mate concentrations (F(1,18)¼ 11.60, Po0.001). These am-
monia-induced increases represent an approximately two-
to threefold increase in extracellular glutamate. There also
was a significant interaction between treatment with TBOA
and ammonia throughout all time points (F(1,18)¼ 13.51,

Figure 2 Effect of ammonia on METH-induced increases in calpain-
mediated spectrin proteolysis: rats were treated with METH (10mg/kg, q
2 h � 4) or saline (1ml/kg, q 2 h � 4) and lactulose (5.3 g/kg every 12 h) or
vehicle (8ml/kg every 12 h) and killed 5 days after drug treatment. (a)
Lactulose prevents METH-induced increases in the spectrin breakdown
product (SBP), which is specific for calpain proteolysis (*Po0.05 compared
with Veh Sal; &Po0.005 compared with Veh METH; n¼ 6–9 per group).
(b) Representative western blot for spectrin breakdown products and
a-tubulin loading control.

Figure 3 Effect of Ammonia on METH-Induced Increases in GFAP. Rats
were treated with METH (10mg/kg, q 2 h � 4) or saline (1ml/kg, q 2 h
� 4) and lactulose (5.3 g/kg every 12 h) or vehicle (8ml/kg every 12 h) and
killed 5 days after drug treatment. (a) METH increases striatal GFAP protein
expression (*Po0.05, compared with Veh Sal) and lactulose prevents the
METH-induced increases in GFAP (&Po0.005, compared with Veh METH;
(n¼ 8–10 per group). (b) Representative western blot image for GFAP and
a-tubulin loading control.
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Po0.005) illustrating that TBOA blocked the ammonia-
induced increases in glutamate throughout the time course
of the experiment.

DISCUSSION

These findings demonstrate that ammonia mediates METH-
induced increases in extracellular glutamate and excitotoxi-
city. The prevention of METH-induced increases in
ammonia with lactulose treatment eliminated the increases

in striatal extracellular glutamate observed during systemic
METH treatment. In addition to contributing to METH-
induced increases in glutamate, ammonia also mediated
METH-induced excitotoxicity, measured by calpain-mediated
spectrin proteolysis, and astrocyte activation, measured by
increases in GFAP. Moreover, ammonia delivered directly to
the striatum at the concentrations measured in the striatum
during systemic METH exposure, increased extracellular
glutamate concentrations in the striatum. To determine a
mechanism underlying the increase in extracellular gluta-
mate by ammonia, antagonism of EAAT within the striatum
prevented the increases in striatal glutamate produced by
ammonia.
METH produced a significant increase in glutamate

starting after the fourth injection of METH that persisted
for at least 2 h after that injection (Figure 1). Importantly,
treatment with lactulose blocked the increases in striatal
extracellular glutamate. As lactulose has been shown to
block METH-induced increases in brain ammonia by
decreasing plasma ammonia (Halpin and Yamamoto,
2012), the current findings suggest that increases in plasma
and therefore brain ammonia are required for METH-
induced increases in glutamate. These results are consistent
with previous studies that demonstrate ammonia increases
glutamate through alterations in the release and reuptake by
astrocytes as primary regulators of extracellular glutamate
(Benjamin and Quastel, 1975; Chan and Butterworth, 1999;
Danbolt, 2001; Gorg et al, 2010; Kosenko et al, 2003).
Although METH can increase corticostriatal glutamate
release in a dopamine-dependent manner (Mark et al,
2004), METH can also produce increases in striatal
glutamate that are independent of increases in dopamine
(Stephans and Yamamoto, 1994). In fact, the current
findings identify a mechanism by which the drug con-
tributes to increases in glutamate in a dopamine-indepen-
dent manner. Accordingly, our results suggest that the
effects of ammonia on the local release and metabolism of
glutamate by astrocytes, in combination with dopamine-
mediated increases in glutamate release from corticostriatal
projections, are important in mediating METH-induced
increases in extracellular glutamate.
To relate the findings of increases in glutamate to

neurotoxicity, we examined if ammonia also contributes
significantly to METH-induced excitotoxicity through
calpain-mediated spectrin proteolysis. Calpain is a protease
whose activity increases in response to increases in calcium
and promotes excitotoxicity (Harris and Morrow, 1988;
Siman et al, 1989). During and shortly after METH
exposure, significant increases in extracellular glutamate
activate calcium-permeable glutamate receptors, which have
been implicated in METH-mediated monoaminergic term-
inal damage (Farfel et al, 1992; Sonsalla et al, 1991; Stephans
and Yamamoto, 1994). Subsequent to calcium-permeable
glutamate receptor activation, there is an influx of
intracellular calcium, activation of calpain, and excitotoxi-
city (Staszewski and Yamamoto, 2006). We found that
METH produced a 51.2% increase in calpain-mediated
spectrin proteolysis (Figure 2). Although this may seem like
a quantitatively small increase in calpain activity, especially
in comparison with the fourfold increase in glutamate noted
after METH exposure (Figure 1), it is worth noting that
calpain is a calcium-activated protease whose activity

Figure 4 Effect of METH and lactulose on body temperature: rats were
treated with METH (10mg/kg, q 2 h � 4) or saline (1ml/kg, q 2 h� 4) and
lactulose (5.3 g/kg every 12 h) or vehicle (8ml/kg every 12 h) and body
temperature was measured after each injection (arrows denote injections).
METH produces significant hyperthermia that is not affected by lactulose
treatment (*Po0.05, n¼ 8–10 rats per group).

Figure 5 Effect of the direct administration of ammonia and TBOA on
striatal glutamate: artificial cerebrospinal fluid (aCSF), ammonia (200mM),
DL-threo-b-benzyloxyaspartic acid (TBOA; 500 mM) or the combination of
ammonia and TBOA were reverse dialyzed and striatal glutamate was
measured every 30min using in vivo microdialysis. Ammonia significantly
increases local striatal glutamate concentrations (*Po0.005) and this
increase is blocked by TBOA pretreatment and co-administration (n¼ 5–6
rats per group).
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increases in response to extracellular calcium in the
micromolar range (Goll et al, 2003). Accordingly, a
physiologically significant, multi-fold increase in calcium
must be achieved to overcome the homeostatic mechanisms
that regulate intracellular calcium for calpain to be activated
(Maravall et al, 2000).
When increases in brain ammonia were blocked during

and after METH treatment with lactulose, METH-induced
increases in calpain-mediated spectrin proteolysis were
prevented (Figure 2). Calpain is a protease that is activated
subsequent to calcium influx and targets essential cytoske-
letal proteins, including spectrin, to mediate the excitotoxic
effects of glutamate (Siman et al, 1989). METH has been
shown to increase calpain-mediated spectrin proteolysis in
an AMPA receptor-dependent manner (Staszewski and
Yamamoto, 2006). The finding that ammonia is required
for METH-induced calpain-mediated spectrin proteolysis
suggests that it is important for increases in both glutamate
and excitotoxicity.
METH-induced ammonia also contributes to astrocyte

activation, as measured by increases in GFAP protein
expression when measured 5 days after drug exposure
(Figure 3). The increases in GFAP expression are indicative
of astrocyte activation presumably in response to damage
and is consistent with previous studies that have demon-
strated increases in GFAP expression days to weeks after
exposure to a neurotoxic dose of METH (O’Callaghan and
Miller 1994; Zhu et al, 2005). Astrocyte activation after
METH exposure is a likely consequence of damage to
monoamine terminals in the striatum (Bowyer et al, 1994;
O’Callaghan and Miller 1994) and cell body damage in
the somatosensory cortex (Pu et al, 1996). Furthermore,
the prevention of METH-induced dopaminergic terminal
damage is associated with blockade of METH-induced
increases in GFAP (O’Callaghan and Miller 1994). There-
fore, the finding that lactulose prevents METH-induced
activation of astrocytes further implicates the role of
ammonia in METH-induced neurotoxicity.
It is important to note that although lactulose blocked the

increases in calpain-mediated spectrin proteolysis and
astrocyte activation, it did not have any effect on METH-
induced hyperthermia (Figure 4). Despite the fact that
hyperthermia is an important mediator of METH-induced
neurotoxicity to dopamine and 5HT terminals (Albers and
Sonsalla, 1995; Bowyer et al, 1994; Bowyer et al, 1992;
Haughey et al, 2000; Kiyatkin and Sharma, 2009; Xie et al,
2000), this finding supports the conclusion that the
protective effects of lactulose are likely due to its ability to
reduce brain ammonia and not through an alteration of
body temperature.
The finding that ammonia is required for METH-induced

increases in glutamate and excitotoxicity prompted us to
examine whether ammonia, at the brain concentrations
measured after METH treatment, could alter extracellular
glutamate levels when administered directly into the
striatum. The results illustrated in Figure 5 show that the
reverse dialysis of ammonia directly into the striatum
increased extracellular glutamate concentrations by two- to
threefold. It is interesting that this increase only partially
accounts for the four- to fivefold increase in striatal
glutamate observed with systemic METH treatment (Nash
and Yamamoto, 1992), and suggests that systemic METH

treatment contributes to increases in extracellular glutamate
through additional mechanisms other than those mediated
by ammonia alone. An additional contributor to the
increases in glutamate after systemic METH administration
is most likely from METH-induced increases in dopamine
and D1-receptor-mediated disinhibition of a polysynaptic
pathway that lead to increases in corticostriatal glutamate
release (Mark et al, 2004). Therefore, the METH-induced
increases in striatal glutamate are mediated by both
dopamine and ammonia through neuronal and non-
neuronal mechanisms, respectively.
Although ammonia is capable of increasing extracellular

glutamate, local administration of ammonia alone does not
produce the long-term damage to dopamine and serotonin
terminals observed after systemic METH treatment (Halpin
and Yamamoto, 2012). This finding is consistent with
previous reports that the direct administration of glutamate
alone into the striatum does not produce long-term
depletions in dopamine tissue content (Tata and
Yamamoto, 2007). The direct administration of either
ammonia or glutamate into the striatum only produces
monoaminergic terminal damage when combined with
METH (Halpin and Yamamoto, 2012). Accordingly, it
appears that increases in extracellular glutamate via
increases in ammonia, as well as the pharmacological
action of METH at monoamine transporters, interact
synergistically to produce the relatively selective long-term
monoaminergic terminal damage caused by the drug
(Abekawa et al, 1994; Stephans and Yamamoto, 1994). This
synergistic interaction may explain why global increases in
ammonia can account for the relatively selective damage
produced by METH in a manner that targets brain regions
where there is a convergence of glutamatergic afferents and
innervations by dopamine and serotonin terminals asso-
ciated with their cognate transporters.
To examine the mechanism by which ammonia may

contribute to increases in extracellular glutamate, EAAT
activity was blocked using TBOA during ammonia expo-
sure. Ammonia-mediated increases in glutamate were
blocked by treatment with TBOA suggesting that excitatory
amino-acid transporters are required for this effect
(Figure 5). Although ammonia has been shown to affect
transporter expression at later and more protracted time
points (Chan and Butterworth, 1999; Chan et al, 2000), this
finding suggests that it may also affect the function of the
transporter more acutely by altering the ionic gradients that
are responsible for determining the directionality of the
transporter (Barbour et al, 1988; Chan and Butterworth,
1999; Grewer et al, 2008; Szatkowski et al, 1990). The altera-
tion of the directionality of the transporter would prevent the
removal of glutamate from the synapse while allowing
glutamate within astrocytes to be released into the extracellu-
lar space. This reversed action of the transporters has been
shown to be dependent on extracellular potassium levels, such
that an increase in extracellular potassium prevents uptake
and produces non-vesicular release of glutamate from astro-
cytes (Barbour et al, 1988; Grewer et al, 2008; Szatkowski et al,
1990). In fact, the ammonium ion has a similar ionic radius to
the potassium ion and may contribute to increases in
glutamate by altering the potassium gradient and reversing
the direction of glutamate transporters to cause an efflux
of glutamate (Rose, 2002). Accordingly, METH increases
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excitatory neurotransmission via the ammonia-induced
release of glutamate from astrocytes and limiting local
astrocytic glutamate metabolism, in addition to increasing
release of glutamate from corticostriatal terminals. This
alteration in local glutamate metabolism by ammonia may
further potentiate the increases in extracellular glutamate.
Overall, these findings identify ammonia as a key

mediator of METH-induced increases in glutamate and
excitotoxicity. These findings have broader significance as
they demonstrate that increases in brain ammonia acutely
contribute to increases in extracellular glutamate and
suggest ammonia as a small-molecule modulator of
glutamatergic neurotransmission and a significant mediator
of excitotoxicity. These findings are particularly relevant to
overdose and poisoning cases involving experienced METH
abusers who administer repeated high doses of METH. The
results may also have significance for the role of ammonia
in the context of other disorders including Alzheimer’s
disease, ischemic stroke, Huntington’s chorea and neuro-
degenerative diseases where excitotoxicity has a role (Choi,
1988).
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