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Abstract

Both dopamine and glutamate are critically involved in cognitive processes such as working

memory. Astrocytes, which express dopamine receptors, are essential elements in the termination

of glutamatergic signaling: the astrocytic glutamate transporter GLT-1 is responsible for >90% of

cortical glutamate uptake. The effect of dopamine depletion on glutamate transporters in the

prefrontal cortex (PFC) is unknown. In an effort to determine if astrocytes are a locus of cortical

dopamine-glutamate interactions, we examined the effects of chronic dopamine denervation on

PFC protein and mRNA levels of glutamate transporters. PFC dopamine denervation elicited a

marked increase in GLT-1 protein levels, but had no effect on levels of other glutamate

transporters; high affinity glutamate transport was positively correlated with the extent of

dopamine depletion. GLT-1 gene expression was not altered. Our data suggests that dopamine

depletion may lead to post-translational modifications that result in increased expression and

activity of GLT-1 in PFC astrocytes.
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The prefrontal cortex (PFC) is critically involved in a number of cognitive processes. For

example, the dopamine innervation of the PFC is required for working memory (Takahashi

et al., 2012). Both dysfunction of the PFC dopamine innervation, as seen in schizophrenia

(Davis et al., 1991; Barch and Ceaser, 2012), and administration of dopamine receptor

antagonists (Robbins and Roberts, 2007) impair working memory. Similarly, disruption of

glutamatergic signaling by the NMDA receptor antagonist ketamine elicits working memory

deficits (Krystal et al., 1994). In addition, NMDA antagonists increase cortical dopamine

receptor expression and decrease PFC extracellular dopamine levels (Healy and Meador-

Woodruff, 1996; Tsukada et al., 2005). These data are consistent with dopamine-glutamate
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interactions modulating PFC function and influencing cognition (Javitt et al., 2012;

Moghaddam and Krystal, 2012).

Astrocytes, which envelope excitatory synapses, express the glutamate transporters GLT-1

(EAAT2) and GLAST (EAAT1) (Lehre et al., 1995). GLT-1 is a major determinant of

cortical extracellular glutamate levels, accounting for >90% of glutamate clearance from the

extracellular space (Tanaka et al., 1997). Autoradiographic studies first suggested that

dopamine receptors are expressed by astrocytes (Hösli and Hösli, 1986). Subsequent studies

confirmed the presence of D2 receptor protein and mRNA in PFC astrocytes (Bal et al.,

1994; Khan et al., 2001), and stimulation of astrocytic dopamine receptors in vitro increases

astrocytic calcium levels (Parpura and Haydon, 2000).

Despite considerable interest in dopaminergic regulation of glutamatergic neurons of the

PFC, scant attention has been devoted to how dopamine modulates glutamate transporters.

Dopamine depletion increases striatal GLT-1 (Massie et al., 2010), but no comparable

studies have examined the response of GLT-1 to PFC dopamine depletion. Because of the

importance of the PFC in cognitive processes in schizophrenia, and the corresponding

interest in modulating glutamatergic function as a novel therapeutic approach, we

determined the effects of dopamine denervation on PFC glutamate transporters.

Materials and Methods

Subjects

Adult male Sprague–Dawley rats (Harlan; Indianapolis, IN) were group-housed with food

and water available ad libitum. All experiments were performed in accordance with the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

Disruption of the dopamine innervation of the PFC

Animals received bilateral 6-OHDA lesions of the VTA, the source of the PFC dopamine

innervation. We used this approach rather than direct PFC manipulations to avoid

mechanical damage to the PFC and a resultant astrocytosis. To minimize 6-OHDA uptake

into noradrenergic axons coursing near the VTA, rats received desipramine (12.5 mg/kg,

i.p.) 30 and 15 minutes before infusion of 1.0 μL 6-OHDA HBr (4.0 μg/μL free base in

0.02% ascorbic acid) at 250 nL/min (AP:−5.4, ML:+/− 0.6, DV: −8.4). Sham-operated

animals served as controls. Control (N=6) and 6-OHDA-injected (N=13) rats were sacrificed

3 weeks post-operatively.

Immunoblotting

The medial PFC, including both the infralimbic (area 25) and prelimbic (area 32) cortices,

was dissected from 1.0 mm slices. Samples were subjected to subcellular fractionation using

a series of buffers containing no detergent, 1% Triton X-100, or 1%Triton/deoxycholate,

yielding cytosolic-, membrane-, and postsynaptic density (PSD)-enriched fractions,

respectively (see Gustin et al., 2010). Samples were heated at 65°C and electrophoretically

separated on a 10% SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose and

stained with Ponceau-S.
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After a blocking step, the membranes were incubated in primary antibodies overnight at 4°

C. The antibodies were: GLT-1 (Tocris #20631, Minneapolis, MN, 1:100,000 and Cell

Signaling Technologies #3838, Beverly, MA, 1:5000), GLAST (Novus Biologicals

#NB100-1869, Littleton, CO, 1:3,000), EAAC1 (Alpha Diagnostics #EAAC11-A, San

Antonio, TX, 1:500), and GFAP (Millipore #MAB360, Billerica, MA, 1:1000). The

membranes were incubated in peroxidase-conjugated antibodies (Jackson ImmunoResearch

Laboratories, West Grove, PA) before being developed using chemiluminescence (Plus-

ECL; PerkinElmer; Waltham, MA). Bands representing the proteins of interest were

densitometrically scanned using ImageJ and normalized to total protein levels from the

Ponceau-stained membranes (Romero-Calvo et al., 2010).

RT-PCR

RNA was extracted from the PFC (control N=12; 6-OHDA N=12) using an RNeasy Mini kit

(Qiagen; Germantown, MD). Subsequently, cDNA was made from 0.5 μg total RNA using

Superscript Vilo reverse transcriptase (Life Technologies; Grand Island, NY). RT-PCR was

performed with SYBR Green (Bio-Rad; Hercules, CA) as the reporter using the following

primers: GLT-1 (5′-ATGCCGCACACAACTCTGTCGT-3′ and 5′-

TCAGCTGACTTTCCATTGGCCGC-3′); GLAST (5′-

CCTCAGGCCGGTCTAGTCACCA-3′ and 5′-GGTGGTGGTTCGGAGGCGGT-3′);

EAAC1 (5′-CTTCCTGCGGAATCACTGGCTG-3′ and 5′-

GAGCTCACTGTGTCCTCGAACC-3′); GAPDH (5′-GGGCTCTCTGCTCCTCCCTGT-3′

and 5′-CCAGGCGTCCGATACGGCCA-3′). Cycle threshold values were subjected to

statistical analyses after normalization to gapdh.

Catecholamine determinations

The PFC dorsal to the prelimbic cortex (including the pregenual cingulate [area 24b] and

shoulder cortices) was dissected for determination of catecholamine concentrations by

HPLC-EC (see Deutch and Cameron, 1992).

Glutamate uptake

Minced mPFC tissue from lesioned (N=11) and control (N=7) animals was suspended in

Krebs-Ringer-Hepes buffer to 10 μg protein/mL and incubated in 100 nM [3H]-glutamate

for 10 min at 37° C in a shaking waterbath. Non-specific uptake was assessed at 4° C.

Uptake was terminated by filtration in a Brandell Cell Harvester, and the filters rinsed and

placed overnight in scintillation fluid. Accumulated radioactivity was determined by

scintillation spectrometry, with specific uptake calculated by subtracting non-specific from

total uptake.

Stereology

The number of glial fibrillary acidic protein (GFAP)-immunoreactive (-ir) astrocytes in the

PFC of sham- (N=4) and 6-OHDA-lesioned (N=4) animals was determined using

sterological methods (optical dissector; 2500 μm2 sampling area; MBF Bioscience;

Williston, VT). Activation of astrocytes, as reflected by branching complexity, was assessed
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by measuring the number of GFAP-ir processes crossing two of the stereological counting

square boundaries (50 μm/side).

Statistical analysis

Statistical comparisons were made by Student’s two-tailed t tests, which were controlled for

multiple comparisons by setting the experiment-wise α level at 0.05.

Results

Extent of dopamine depletion

Dopamine concentration in the PFC of control animals averaged 1.05 ± 0.09 ng/mg protein.

Mean PFC dopamine concentration in 6-OHDA-treated rats was reduced by 70.4 ± 3.6%

(t17= 9.02, p<0.001). Norepinephrine concentrations (control concentration, 5.14 ± 0.19

ng/mg protein) were not significantly decreased by dopamine denervation (t17=0.16, NS).

Alterations of GLT-1 expression

Antibodies to GLT-1 detected a clear band at ~62 kDa with a much lighter “smear” visible

between 150 and 250 kDa. The majority of GLT-1 was present in the membrane-enriched

fraction (Fig. 1). Dopamine depletion markedly increased PFC GLT-1 levels in the

membrane fraction compared to controls (t16=2.88, p=0.011; Fig. 1). The increase in GLT-1

levels after dopamine denervation was replicated in a second experiment using a different

GLT-1 antibody (data not shown). No changes were observed in either GLAST or EAAC1

protein levels (Fig. 1).

Glutamate transporter mRNA levels

Real-time PCR revealed no significant change in PFC mRNA levels of GLT-1, GLAST, or

EAAC1 in response to DA depletion (Fig. 1).

Glutamate uptake

There was no significant difference in high-affinity glutamate uptake (HAGU) between

control and dopamine-denervated rats. However, there was a significant correlation between

the extent of dopamine loss in the PFC and HAGU (r = .494, p = .039; Fig. 1).

Astrocyte number and morphology

Immunoblot analysis did not detect a change in PFC levels of the astrocytic marker GFAP

(Fig. 1). Similarly, stereological studies of GFAP-ir astrocytes revealed no increase in the

number of astrocytes or astrocyte processes in response to dopamine denervation (Fig. 1).

Discussion

Dopamine depletion of the PFC increased levels of the astrocytic glutamate transporter

GLT-1 and increased HAGU but had no significant effect on levels of the two other

neocortical glutamate transporters, GLAST and EAAC1. The increase in cortical GLT-1

protein levels was not attributable to astrocytosis or increased GLT-1 gene expression.

Vollbrecht et al. Page 4

J Neurochem. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Dopamine in the PFC

PFC dopamine loss in lesioned animals averaged ~70%, spanning 40–91%. The incomplete

dopamine denervation is consistent with previous studies, including those that injected 6-

OHDA directly into the PFC (Bubser, 1994). The partial dopamine denervation presumably

reflects very low or absent expression of the dopamine transporter in a subset of VTA

dopamine neurons, including some of those projecting to the PFC (Sesack et al., 1998).

Given the range of dopamine depletions, future studies will be required to determine the

threshold level of dopamine depletion that must be achieved to increase GLT-1, as

suggested by the significant correlation between extent of PFC dopamine loss and HAGU.

Increased GLT-1 protein expression

All three cortical glutamate transporters were most abundant in the membrane-enriched

fraction, consistent with immunohistochemical data indicating that GLT-1 is primarily

localized to the plasma membrane and EAAC1 to the plasma membrane and to a lesser

degree the cytosol (Conti et al., 1998). The increase in membrane-associated GLT-1 was not

accompanied by a detectable change in transporter levels in the other two fractions.

Glutamate uptake

Prefrontal cortical dopamine deafferentation did not significantly increase HAGU relative to

control animals. When one considers the variable degree to which dopamine was decreased

in the PFC of lesioned rats, and the significant correlation between the degree of PFC

dopamine loss and the increase in HAGU, it is not surprising that there was not an overall

difference between dopamine-denervated and control animals. However, there was a

substantial difference between the magnitude of the increase in GLT-1 protein and the

degree of increase in glutamate uptake. The stoichiometry of GLT-1 protein to transport

activity in vivo is unclear, and the difference in degrees to which protein and transport are

increased may reflect a trafficking issue. Future work will need to determine the precise

mechanisms underlying the changes in glutamate transport in the dopamine-denervated PFC.

GLT-1, GLAST or EAAC1 gene expression

Real-time PCR did not detect significant changes in relative abundance of GLT-1, GLAST,

or EAAC1 mRNA levels in dopamine-depleted subjects. The large increase in GLT-1

protein levels that occurs after cortical dopamine denervation, without a concurrent increase

in mRNA levels, suggests that the increase in GLT-1 protein is not due to induction of the

transporter.

Schmitt et al. (2003) reported that chronic treatment with the D2 receptor antagonist

haloperidol decreases GLT-1 mRNA in the PFC. However, we did not detect a change in

GLT-1 gene expression after PFC dopamine depletion. The difference between our results

and those of Schmitt and colleagues may be attributable to the fact that the haloperidol dose

used by Schmitt et al. results in complete occupancy of D2 receptors in vivo (see Perez-

Costas et al., 2008), whereas our lesions resulted in partial dopamine denervation.
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Absence of astrocytosis or increased astrocyte activation

A possible explanation for the increase in GLT-1 protein levels is that dopamine denervation

increases PFC astrocyte number. We did not observe a change in levels of the astrocytic

protein GFAP in the dopamine-denervated PFC, nor did stereological analysis reveal a

change in the number of GFAP-ir astrocytes. Astrocytes are dynamic cells that upon

activation extend processes. We therefore examined the number of astrocytic processes,

which was not changed in the dopamine-denervated PFC. These data suggest that the

increase in GLT-1 is not due to astrocytic activation.

Potential post-translational modification

The immunoblots showed a clear ~62 kDa (GLT-1) band, consistent with previous reports

(Schmitt et al., 2003). There was also a much fainter smear of high molecular weight

proteins between 150–250 kDa, suggesting the presence of post-translationally modified

forms of GLT-1. Ubiquitination of GLT-1 is required for its internalization and subsequent

degradation (Boehmer et al., 2006). Densitometry of the bands between 150–250 kDa

revealed decreased levels of these proteins in the dopamine-depleted PFC (t11=2.20;

p<0.05). This raises the possibility that accumulation of GLT-1 in astrocyte membranes may

result from decreased ubiquitination and a resultant decrease in internalization and

degradation of the transporter.

Our efforts to detect polyubiquitinated GLT-1 in the PFC using multiple approaches

(immunoprecipitation of GLT-1 and ubiquitin, as well as pull down assays using ubiquitin-

binding small molecules) were unsuccessful (data not shown), presumably because of the

high expression of deubiquitinating enzymes and the transient nature of polyubiquitinated

proteins. Future studies will be required to determine if post-translational modifications

account for the accumulation of membrane-associated GLT-1 after dopamine depletion.

Functional implications

Changes in both glutamate and dopamine have been suggested to contribute to the cognitive

deficits in schizophrenia (Davis et al., 1991; Laruelle et al., 2003; Seamans and Robbins,

2009). The expression of dopamine receptors on astrocytes offers a potential means whereby

dopamine can modulate PFC glutamate through the astrocyte.

Neither acute nor chronic treatment with the dopamine receptor antagonist haloperidol

changes PFC extracellular glutamate levels (Daly and Moghaddam, 1993; Yamamoto and

Cooperman, 1994). However, Yamamoto and colleagues showed that K+-evoked

depolarization of the PFC in animals treated chronically with haloperidol elicits a trend

toward an increase in PFC glutamate levels, suggesting that an increase in neuronal

glutamate release is dampened by a compensatory increase in GLT-1.

Post-mortem studies of GLT-1 in the PFC of schizophrenia subjects have yielded

inconsistent results. A preliminary study of unmedicated patients, but not those treated with

antipsychotic drugs, reported increased PFC GLT-1 protein and mRNA levels (Matute et al.,

2005). Bauer et al. (2008) found no change in GLT-1 protein in a cohort including both

medicated and unmedicated patients, while a third study of haloperidol-treated patients
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reported a decrease in GLT-1 mRNA (Ohnuma et al., 1998). The variability seen in

postmortem studies may be due to drug treatment or a variety of agonal or post-mortem

factors.

Our data suggest that dopamine may modulate extracellular glutamate levels in the PFC by

increasing astrocytic GLT-1 levels. Increasing evidence suggests that astrocytes are not

limited to a structural or support role in the CNS, but are key partners with neurons in

cellular signaling. This has sparked considerable interest in the role of astrocytes in

neuropsychiatric disorders, including schizophrenia. Our data point to the astrocyte as a key

site for PFC dopamine-glutamate interactions.
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Figure 1.
A). Dopamine loss in the PFC increases GLT-1 protein levels in the membrane- enriched

fraction; there is no significant change in GLAST or EAAC1. B). Glutamate transporters are

most abundant in the membrane-enriched fraction. C). Representative immunoblot showing

the glutamate transporters in control and dopamine-depleted (lesion) animals. D). The

magnitude of the decrease in PFC dopamine is positively correlated to the degree to which

glutamate uptake is increased. E). There is no change in mRNA levels of GLT-1 or other

glutamate transporters. F). No change in level of the astrocytic protein GFAP is seen in

immnoblot studies, and G) stereological evaluation indicates no increase in the number of

GFAP-positive astrocytes (top) or astrocytic processes (bottom) in dopamine- denervated

animals. H). Representative immunohistochemical staining for GFAP; scale bar = 50μm.

*p = .011
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