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A B S T R A C T

GLT-1 is the major glutamate transporter in the brain, and is expressed in astrocytes and in axon terminals in the
hippocampus, cortex, and striatum. Neuronal GLT-1 accounts for only 5–10% of total brain GLT-1 protein, and
its function is uncertain. In HD, synaptic dysfunction of the corticostriate synapse is well-established.
Transcriptional dysregulation is a key feature of HD. We hypothesized that deletion of neuronal GLT-1, because
it is expressed in axon terminals in the striatum, might produce a synaptopathy similar to that present in HD. If
true, then some of the gene expression changes observed in HD might also be observed in the neuronal GLT-1
knockout. In situ hybridization using 33P labeled oligonucleotide probes was carried out to assess localization and
expression of a panel of genes known to be altered in expression in HD. We found changes in the expression of
cannabinoid receptors 1 and 2, preproenkaphalin, and PDE10A in the striatum of mice in which the GLT-1 gene
was inactivated in neurons by expression of synapsin-Cre, compared to wild-type littermates. These changes in
expression were observed at 12 weeks of age but not at 6 weeks of age. No changes in DARPP-32, PDE1B, NGFIA,
or β-actin expression were observed. In addition, we found widespread alteration in expression of the dynamin 1
gene. The changes in expression in the neuronal GLT-1 knockout of genes thought to exemplify HD transcrip-
tional dysregulation suggest an overlap in the synaptopathy caused by neuronal GLT-1 deletion and HD. These
data further suggest that specific changes in expression of cannabinoid receptors, preproenkephalin, and
PDE10A, considered to be the hallmark of HD transcriptional dysregulation, may be produced by an abnormality
of glutamate homeostasis under the regulation of neuronal GLT-1, or a synaptic disturbance caused by that
abnormality, independently of mutation in huntingtin.

1. Introduction

The regulation of extracellular glutamate concentrations by gluta-
mate transporters is essential for the normal functioning of excitatory
synapses and for protection of the brain against excitotoxicity (Danbolt,
2001). Five Na+-dependent glutamate transporters have been identi-
fied: EAAT1 (GLAST, Slc1a3), EAAT2 (GLT-1, Slc1a2), EAAT3 (EAAC1,
Slc1a1), EAAT4 (Slc1a6) and EAAT5 (Slc1a7) (Danbolt, 2001). Several
studies have demonstrated that the majority of total glutamate reuptake

activity occurs via GLT-1 (Danbolt et al., 1992; Haugeto et al., 1996;
Holmseth et al., 2012; Otis and Kavanaugh, 2000; Tanaka et al., 1997).
GLT-1 protein is abundant in astrocytes (Lehre et al., 1995) and is ex-
pressed at relatively low levels in hippocampal (Chen et al., 2004),
cortical (Melone et al., 2009), and striatal axon terminals (Petr et al.,
2013). Neuronal GLT-1 accounts for 5–10% of the GLT-1 protein ex-
pression in the hippocampus (Furness et al., 2008). Petr et al. (2015)
recently used astrocyte- and neuron-specific conditional GLT-1
knockout mice to demonstrate that neuronal GLT-1, but, remarkably,
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not astrocytic GLT-1, accounts for a substantial fraction of radioactive
glutamate uptake into forebrain synaptosomes. Global (Tanaka et al.,
1997) or astrocyte-specific conditional knockout of GLT-1 (Petr et al.,
2015) results in a severe phenotype characterized by spontaneous sei-
zures, lower body weight and early mortality. The functional con-
sequences of neuronal glutamate transporter are largely unknown. We
hypothesized that, because GLT-1 is expressed in axon terminals, de-
letion of GLT-1 in axon terminals produces a dysregulation of synaptic
function. Since axon terminals in the striatum express GLT-1, we spe-
cifically hypothesized that corticostriate synapses might be dysfunc-
tional.

Expression of the mutant huntingtin gene is the causative factor of
Huntington's disease (HD), a disease that is thought to produce dysre-
gulation of the corticostriatal pathway (Bunner and Rebec, 2016;
Cepeda et al., 2007; Raymond, 2016). Transcriptional dysregulation is a
prominent feature of HD (Cha, 2000, 2007), and abnormalities in the
expression of certain genes are found across multiple models of the
disease and in human patients. For example, the levels of several
transcripts, including the type 1 cannabinoid receptor (CB1) and the
type 2 dopamine receptor (D2) are reduced, while levels of the type 2
cannabinoid receptor (CB2) are increased in the quinolinic acid lesion
model of HD (Chiarlone et al., 2014). CB1 and D2 transcript levels are
reduced, while CB2 transcript levels are increased, in all studied
transgenic mouse models of HD and in post-mortem tissue from HD
patients, reviewed in (Laprairie et al., 2015). Similarly, expression of
the cyclic nucleotide phosphodiesterase 10A (PDE10A) was found to be
altered in expression in R6/2 and R6/1 mice and in the caudate of
autopsy HD brains (Hebb et al., 2004).

Based on the studies described above, we hypothesized that some of
the changes in gene expression found in HD might be due to the cor-
ticostriate synaptopathy, rather than a direct effect of mutant huntingtin.
Because GLT-1 is expressed in axon terminals in the striatum, we fur-
ther hypothesized that mice in which GLT-1 is inactivated in neurons
might have a corticostriate synaptopathy, and this synaptopathy might
produce changes in gene expression. Further, these changes in gene
expression might be similar to those seen in HD. If true, then such a
result would suggest that the synaptopathy in HD might be similar to
that in the neuronal GLT-1 knockout, and might provide a clue to the
nature of the HD synaptopathy.

We chose to investigate expression levels of several transcripts–
dopamine and cAMP-regulated protein phosphatase 32 kDA (DARPP-
32), phosphodiesterases (PDE) 1B and 10A, CB1, CB2, D2, pre-
proenkaphalin (ppENK), and nerve growth factor-induced clone A
(NGFIA)– that are known to be altered in HD (Cha et al., 1998; Hu
et al., 2004; Laprairie et al., 2015; McCaw et al., 2004). The expression
levels of dynamin (Dnm-1) and β-actin were also measured as controls
because Dnm-1 and β-actin levels are not changed in HD (Gomez et al.,
2006) and were not expected to be changed in neuronal GLT-1 knock-
out mice. For these studies, we used in situ hybridization to assess dif-
ferences in gene expression in the brains of mice in which the GLT-1
gene was conditionally deleted in neurons using synapsin-Cre compared
with littermate controls (Petr et al., 2015). In situ hybridization has

previously been used to document gene expression changes in mouse
models of HD (Denovan-Wright et al., 1998) and is an especially va-
luable approach because of the anatomical information that it provides.

2. Materials and methods

2.1. GLT-1 conditional knockout mice

The generation of neuronal GLT-1 knockout mice is described in
detail elsewhere (Petr et al., 2015). These mice were obtained from the
founder colony at Boston Children's Hospital. This mouse strain is de-
signated (Slc1a2tm1.1Pros; MGI: 5752263). Briefly, neuronal knockout of
GLT-1 was achieved by breeding male and female mice that were both
homozygous for the conditional GLT-1 knockout allele; female mice
only in the breeding pairs (Rempe et al., 2006) carried the synapsin I
promoter-driven Cre recombinase transgene (syn/Cre with C57BL/6
background, JAX Stock No. 003966) (He et al., 2004; Zhu et al., 2001)
which is integrated into an intronic region of chromosome 6, 1Mb
distant from the nearest gene (Cain-Hom et al., 2017). Female mice
only were used to introduce synapsin-Cre because synapsin-Cre trans-
gene expression in male mice produces germline recombination in the
offspring (Rempe et al., 2006). Mice were genotyped by PCR using tail-
derived DNA. Mice that demonstrated recombination in tail DNA, in-
dicating recombination not specific to neurons (Rempe et al., 2006),
were not used for experiments. Over a 1 year period in which 22 litters
were produced, 5 animals were excluded for this reason. Mice had a
mixed 126XC57L/6J background. The mice used for experiments had
the genotypes GLT-1flox/flox; synapsin-Cre (synGLT-1 KO), and, their
littermate controls, with normal GLT-1 function, GLT-1flox/flox.

All animal experiments were carried out in accordance with ARRIVE
(Kilkenny et al., 2010), and were approved by the Children's Hospital
Boston Institutional Animal Care and Use Committee. Both male and
female adult mice were used in the experiments. For each particular
experiment, animal age is indicated. The total number of animals used
for in situ experiments and qRT-PCR was 48 (6 6-week wild-type males,
6 6-week old wild-type females, 6 12-week old wild-type males, 6 12-
week-old wild-type females, 6 6-week synGLT-1 KO males, 6 6-week old
synGLT-1 KO females, 6 12-week old synGLT-1 KO males, and 6 12-
week-old synGLT-1 KO females). Tissue from each animal was divided
and used for both in situ hybridization and qRT-PCR to reduce the
number of animals used.

2.2. In situ hybridization

Synthetic, antisense oligonucleotide probes were obtained from
Sigma-Aldrich (Oakville, ON) (Table 1). Ten pmol of oligonucleotide
probe was radio-labeled at the 3′ end with [α-33P]dATP (Mandel Sci-
entific, Guelph, ON) using the reagents and protocol provided in the 3′
end-labelling kit (Amersham Pharmacia Biotech). In situ hybridization
was performed as described previously using 14 μm sagittal sections
from male and female synGLT-1 KO and age-matched, littermate con-
trol mice (Denovan-Wright et al., 1998). The sections were exposed to

Table 1
In situ hyribization oligonucleotides.

Target Oligonucleotide Sequence (5′–3′) Reference

DARPP-32 TCCACTTGGTCCTCAGAGTTTCCATCTCTC Gomez et al., 2006
PDE1B CATGTAGCGCAGCAGAGACCGTAGCTTAATCCACA Hebb et al., 2004
PDE10A GACCAATGTCAAAGTGGAATAGCTCGATGTCCCGGC Hebb et al., 2004
CB1 ATGTCTCCTTTGATATCTTCGTACTGAATGTCATTTG McCaw et al., 2004
ppENK ATCTGCATCCTTCTTCATGAAACCGCCATACCTCTTGGCAAGGATCT
D2 GGCAGGGTTGGCAATGATACACTCATTCTGGTCTGTATT Rodriguez-Lebron et al., 2005
NGFIA CCGTTGCTCAGCAGCATCATCTCCTCCAGTTTGGGGTAGTTGTCC
Dynamin CACTGGCTTTCTCTTTGTCCCCAAGAGGCTC
β-actin GCCGATCCACACGGAGTACTTGCGCTCAGGAGGAGCAATGATCT
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Kodak MR film for 2 weeks at room temperature. Densitometric analysis
of in situ autoradiographs was performed using ImageJ to determine the
optical density (OD) of the radiolabel in the PFc, MCtx, Str, NAcc,
thalamus (Th), CA1 and CA3 regions of the hippocampus, SNr, VTA,
cerebellum (Cb), pons, and medulla (Fig. 1). Measurements were de-
termined on 10 sections per target mRNA derived from 6 individual
animals at each time point. Local background was subtracted from each
OD value. In all cases multiple exposures were obtained to assure that
signal was not saturated.

2.3. Quantitative reverse transcriptase PCR

RNA was harvested from the tissue of male and female synGLT-1 KO
and age-matched, littermate control mice using the Trizol® (Invitrogen,
Burlington, ON) extraction method according to the manufacturer's
instruction. Reverse transcription reactions were carried out with
SuperScript III® reverse transcriptase (Invitrogen), or without (-RT) as a
negative control for use in subsequent PCR experiments according to
the manufacturer's instructions. Two micrograms of RNA were used per
RT reaction. qRT-PCR was conducted using the LightCycler® system and
software (Roche, Laval, QC). Reactions were composed of 2mM MgCl2,
0.5 μM each of forward and reverse primers (CB2 forward 5′-GGATGC
CGGGAGACAGAAGTGA-3′, reverse 5′- CCCATGAGCGGCAGGTAAGA
AAT-3’; β-actin forward 5′- AAGGCCAACCGTGAAAAGAT-3′, reverse
5′-GTGGTACGACCAGAGGCATAC-3′), 2 μL of LightCycler® FastStart
Reaction Mix SYBR Green I, and 1 μL cDNA to a final volume of 20 μL
with dH2O (Roche). The PCR program was: 95 °C for 10min, 50 cycles
of 95 °C 10 s, a primer-specific annealing temperature (57 °C CB2, 59 °C
β-actin) for 5 s, and 72 °C for 10 s. Experiments always included sample-
matched –RT controls, a no-sample dH2O control, and a standard
control containing product-specific cDNA of a known concentration.
cDNA abundance was calculated using the ΔΔCT method and was in
accordance with the MIQE guidelines (LightCycler Software version
4.1; Roche).

2.4. Synaptosomal glutamate uptake

The knockdown of GLT-1 expression in axonal terminals of striatum
was verified in crude synaptosomes from a total of 6 male synGLT-1 KO
and 6 male littermate control animals by determining sodium-depen-
dent transport of L-[3H]glutamate as previously described (Petr et al.,
2015). The isolated crude synaptosomes in 0.32M sucrose were kept on
ice and used immediately for the uptake assay. Glass tubes containing
450 μl of buffer [in mM: NaCl, 140 or choline chloride, 140; KCl, 2.5;
CaCl2, 1.2; MgCl2, 1.2; K2HPO4, 1.2; glucose, 10; 2-amino-2-(hydro-
xymethyl)propane-1,3-diol (Tris base), 5; 2-[4-(2-hydroxyethyl)piper-
azin-1-yl]ethanesulfonic acid (HEPES), 10] with 10 μM L-glutamate
[including 0.005 μM L-[3H]glutamate (PerkinElmer, Boston, MA, USA)]
were preincubated for 5min at 37 °C. Glutamate uptake into synapto-
somes was initiated by adding 50 μl of crude synaptosomes to each tube
and incubating at 37 °C for 30 s. To stop uptake activity, 2 ml of ice-cold
choline buffer was added to the tube, which was then vortexed and
plunged into an ice-water slurry. The samples were filtered through

Whatman GF/C filter paper pre-wetted with 2ml choline buffer and the
filters were washed three times with 2ml ice-cold choline buffer.
Radioactivity on the filters was measured by liquid scintillation
counting (TRI-CARB2200CA, PACKARD; Long Island Scientific). The
radioactivity taken up by the synaptosomes in the absence of sodium
was subtracted from that taken up in the presence of sodium to de-
termine the sodium-dependent component of transport. Glutamate
uptake values were determined by normalizing the radioactivity count
by protein concentration of the crude synaptosomes isolated from each
brain region. Protein concentration was quantified using the Bio-Rad
DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA).

2.5. Statistical analyses

Previous studies have demonstrated a correlation between in situ
hybridization and RNA abundance by northern blot and qRT-PCR for
several isoforms of phosphodiesterase, affirming the utility of in situ
hybridization as a technique that can by analyzed by parametric sta-
tistical tests (Hebb et al., 2004; Hu et al., 2004). Statistical analyses
were conducted by two-way analysis of variance (ANOVA) and Bon-
ferroni's post-hoc test using GraphPad (version 5.0, Prism). Homo-
geneity of variance – and the correct application of parametric statis-
tical analyses to these data–was confirmed using Bartlett's test. All
results are reported as the mean ± the standard error of the mean
(SEM). Although both male and female mice were used in this study, no
statistically significant differences in transcript levels were observed
between male and female mice for the group sizes used in this study
(data not shown). For synaptosomal uptake studies, unpaired t-test was
performed to compare the means of two groups of data using Prism 5
(GraphPad Software, Inc. La Jolla, CA, USA). A factor was considered
statistically significant if it had a p-value of< 0.05.

3. Results

3.1. In situ hybridization

In situ hybridization of sagital sections was performed and the hy-
bridizaton signal was quantified to determine the relative levels of
DARPP-32, PDE1B, PDE10A, CB1, D2, ppENK, NGFIA mRNAs across
several brain regions of 6 and 12 week-old synGLT-1 KO and littermate
control mice (Table 1). These genes had been previously identified in
animal models of HD as being dysregulated (Gomez et al., 2006). Hy-
bridization of β-actin, and Dnm-1 specific probes were intended to
provide control values. No changes in DARPP-32, PDE1B, NGFIA, or β-
actin level were observed (data not shown).

Data presented in histograms herein represent all hybridization data
collected for those genes. No exclusions were made. Representative
images were chosen to provide reference for each transcript of interest.
Hybridization of ppENK was visually distinct and quantified in the Str,
VTA, NAcc, and PFc. No differences were observed in ppENK levels in
any brain region analyzed for 6 week-old synGLT-1 KO mice compared
to littermate control mice (data not shown). ppENK levels were lower in
the Str of 12 week-old synGLT-1 KO mice compared to littermate

Fig. 1. Regions of interest identified for in situ
hybridization analysis. In situ hybridization was
conducted to detect DARPP-32, PDE1B, PDE10A,
CB1, ppENK, D2, NGFIA, Dnm-1, and β-actin mRNA
in synGLT-1 KO and littermate control mice. DARPP-
32, PDE1B and β-actin mRNA levels were not
changed in synGLT-1 KO mice compared to litter-
mate control mice. The brain regions of interest ex-
amined in this study are outlined and labeled in
yellow in this representative autoradiogram of Dnm-
1 probe hybridization in a 12 week-old, male, lit-
termate control mouse. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)
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control mice, but were not different in the VTA, NAcc, or PFc (Fig. 2A
and B).

CB1 was quantified in the Str, VTA, NAcc, PFc, and CA1 and CA3
regions of the hippocampus. No differences were observed in CB1

mRNA levels in any brain region analyzed for 6 week-old synGLT-1 KO
mice compared to littermate control mice (data not shown). CB1 mRNA
levels were lower in the Str of 12 week-old synGLT-1 KO mice com-
pared to littermate control mice, but were not different in the other
regions analyzed (Fig. 3A and B).

D2 was quantified in the Str, VTA, NAcc, and PFc. No differences
were observed in D2 mRNA levels in any brain region analyzed for 6
week-old synGLT-1 KO mice compared to littermate control mice (data
not shown). D2 mRNA levels were lower in the PFc of synGLT-1 KO
mice compared to littermate control mice (Fig. 4A and B). They were
not changed in the Str of 12 week-old synGLT-1 KO mice compared to
littermate control mice.

PDE10A was quantified in the Str, NAcc, and PFc. No overall dif-
ferences were observed in PDE10A mRNA levels in any brain region
analyzed for 6 week-old synGLT-1 KO mice compared to littermate
control mice (data not shown). PDE10A mRNA levels were lower in the
Str of 12 week-old synGLT-1 KO mice compared to littermate control
mice, and were not different in the NAcc and PFc of synGLT-1 KO mice
compared to littermate control mice (Fig. 5A and B).

Dnm-1 was quantified in the Str, VTA, NAcc, PFc, CA1, CA3, Cb,
MCtx, pons, medulla, thalmus, and SNr using an in situ probe specific to

the predominant Dnm-1 transcript variant 1, and not other dynamin
isoforms or transcript variants. Dnm-1 mRNA levels were lower in the
NAcc of 6 week-old synGLT-1 KO mice compared to littermate control
mice (Fig. 6A and B). Dnm-1 mRNA levels were higher in the Str of 12
week-old synGLT-1 KO mice compared to littermate control mice, and
were lower in the NAcc, PFc, CA3, pons and medulla of synGLT-1 KO
mice compared to littermate control mice (Fig. 6C and D).

3.2. Quantitative reverse transcriptase PCR analysis of CB2 expression

CB2 mRNA levels were measured because CB2 levels are increased in
quinolinic acid lesion model of HD (Casteels et al., 2010; Chiarlone
et al., 2014). Therefore, we hypothesized that CB2 levels might also be
increased in synGLT-1 KO mice. Unfortunately, we were unable to de-
velop a CB2-specific in situ probe (data not shown). Consequently, qRT-
PCR was used to measure CB2 mRNA levels in synGLT-1 KO and lit-
termate control mice. CB2 mRNA was quantified in total brain (Fig. 7A),
and in the Str, VTA, NAcc, and PFc of 6 and 12 week-old mice (Fig. 7B).
CB2 mRNA levels were higher in total brain from 12 week synGLT-1 KO
mice compared to littermate control mice (Fig. 7A). CB2 mRNA levels
were not different in any brain region in 6 week-old mice (Fig. 7B). CB2

mRNA levels were higher in the Str, NAcc, and PFc, but not VTA, of 12
week-old synGLT-1 KO mice compared to littermate control mice
(Fig. 7C).

Fig. 2. In situ hybridization detection of ppENK mRNA in 12 week-old
wild-type (WT) and synGLT-1 KO mice. A) Total Optical density (OD) was
measured in the striatum, VTA, NAcc, and PFc (regions identifiable in the au-
toradiogram) of 12 week-old mice according to genotype. *P < 0.01 compared
to WT (littermate control mice) within brain region. N=6 per group (3 male
and 3 female per genotype). B) Representative autoradiograms of ppENK mRNA
hybridization.

Fig. 3. In situ hybridization detection of CB1 mRNA in 12 week-old wild-
type (WT) and synGLT-1 KO mice. A) Total Optical density (OD) was mea-
sured in the striatum, VTA, NAcc, PFc, CA1 and CA3 (regions identifiable in the
autoradiogram) of 12 week-old mice according to genotype. *P < 0.01 com-
pared to littermate control mice within brain region. N=6 per group (3 male
and 3 female per genotype). B) Representative autoradiograms of CB1 mRNA
hybridization.
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Validation of expression of GLT-1 in axon terminals in the striatum and
efficacious knockdown in expression of GLT-1 in this region in the synGLT-1
KO

We previously demonstrated the expression of GLT-1 in axon
terminals of the striatum (Petr et al., 2013) and, further, that the in-
cidence of immunoreactive axon terminals in the striatum of the
transgenic R6/2 mouse model of HD is not different from age matched
controls (Petr et al., 2013). Using conditional knockout of GLT-1 re-
stricted to neurons or astrocytes, we have shown that synaptosomal
uptake of tritiated glutamate into a crude synaptosomal preparation
from whole forebrain represents uptake mediated by neuronal GLT-1
but is not significantly affected by astrocytic GLT-1 (Petr et al., 2015;
Rimmele and Rosenberg, 2016). Therefore, we reasoned that decrease
in this parameter in mice in which neuronal GLT-1 is inactivated ge-
netically can be used as an additional line of evidence for the expression
of GLT-1 in axon terminals in any specific region.

The decrease in synaptosomal uptake with genetic deletion is de-
pendent upon the efficacy of the Cre recombinase used to accomplish
homologous recombination. Since most of the changes in gene expres-
sion we report here were observed in the striatum, we also wanted to
verify that a decrease in synaptosomal glutamate uptake could be ob-
served in the synGLT-1 KO in the striatum as evidence that the sy-
napsin-Cre driver that we used produced effective deletion of GLT-1 in
axon terminals in that region. We found reduced glutamate uptake into
synaptosomes isolated from the dorsal striatum (45 ± 3%, n=6;
p < 0.01) of synGLT-1 KO mice compared to littermate controls
(Fig. 8).

4. Discussion

We conducted a biased, hypothesis based survey of gene expression
in synGLT-1 KO mice to test the idea that the synaptopathy produced by
knockout of GLT-1 in neurons might be similar to the synaptopathy
present in HD, and so produce similar changes in gene expression.
Rather than conduct a microarray study (many of which demonstrate
hundreds of changes that are not relevant to the striatum or synapto-
pathy (Cha, 2007; Thomas, 2006), a panel of genes was selected that
are consistently observed as being dysregulated in both animal models
and patient samples using different methodologies and are thought to
be the hallmarks of the transcriptional dysregulation of the disease.

Many of the transcriptional changes noted in HD have been ob-
served in the striatum. The approach used here is contingent on the
widespread expression of GLT-1 in neurons in the forebrain, and
especially in axon terminals in the striatum. In fact, following the de-
monstration of GLT-1a expression in axon terminals in the hippocampus
(Chen et al., 2004), that finding was confirmed (Furness et al., 2008)
and extended to the cerebral cortex (Melone et al., 2009, 2011) and the
striatum (Petr et al., 2013). The demonstration of a significant reduc-
tion in the synGLT-1 KO in glutamate uptake in crude synaptosomes
derived from striatal tissue provides further evidence that GLT-1 is
expressed in axon terminals in this region. A recent study specifically

Fig. 4. In situ hybridization detection of D2 mRNA in 12 week-old wild-
type (WT) and synGLT-1 KO mice. A) Total Optical density (OD) was mea-
sured in the striatum, VTA, NAcc, and PFc (regions identifiable in the auto-
radiogram) of 12 week-old mice according to genotype. *P < 0.01 compared
to littermate control mice within brain region. N=6 per group (3 male and 3
female per genotype). B) Representative autoradiograms of D2 mRNA hy-
bridization.

Fig. 5. In situ hybridization detection of PDE10A mRNA in 12 week-old
wild-type (WT) and synGLT-1 KO mice. A) Total Optical density (OD) was
measured in the striatum, NAcc, and Pfc (regions identifiable in the auto-
radiogram) of 12 week-old mice according to genotype. *P < 0.01 compared
to littermate control mice within brain region. N=6 per group (3 male and 3
female per genotype). B) Representative autoradiograms of PDE10A mRNA
hybridization.
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investigating the effect of neuronal GLT-1 knockout in different regions
of the forebrain obtained a similar result, and extended the results
presented here to include the cerebral cortex and thalamus (Zhou et al.,
2018). This study also performed a detailed investigation of the ex-
pression of synapsin-Cre in the adult mouse brain, and found wide-
spread although not universal expression in neurons that included
heavy labeling of neurons of layers V and VI of the cerebral cortex
which project to the striatum. Another recent study came to a similar
conclusion (Taugher et al., 2017). Taken together, these published re-
sults and those presented herein further validate previous observations
of GLT-1 expression in axon terminals in the striatum. They also vali-
date the appropriateness of using synapsin 1 as a Cre-driver to in-
activate the GLT-1 gene in neurons in the striatum and throughout the
forebrain. Synapsin-Cre is widely used to produce conditional Cre-re-
combinase mediated inactivation of genes in neurons throughout the
CNS (Gaveriaux-Ruff and Kieffer, 2007), but it is important to recognize
that certain neuronal populations express little synapsin-Cre, and in
most populations that express synapsin-Cre the expression is partial
(Taugher et al., 2017; Zhou et al., 2018).

In the present study, we found transcriptional dysregulation of
multiple transcripts in the central nervous system of synGLT-1 KO mice
compared to littermate controls (Fig. 9). The majority of changes in
mRNA levels were observed in the Str, where ppENK, CB1, and PDE10A
levels were lower, and Dnm-1 and CB2 levels were higher, in synGLT-1
KO mice compared to littermate control mice. Dnm-1 and CB2 mRNA
levels were similarly dysregulated in the NAcc and PFc. D2 mRNA levels
were also reduced in the PFc.

Decreased GLT-1 transcript levels are observed in HD (Bunner and
Rebec, 2016; Petr et al., 2013). Glutamate uptake is impaired in the
YAC128 mouse model of HD due to reduced palmitoylation of GLT-1
(Huang et al., 2010). In YAC128 HD mice, reduced glutamate uptake
via GLT-1 has been shown to lead to increased synaptic glutamate levels
as early as 9 months prior to motor symptom onset, excitotoxicity, and
eventual neuronal cell death (Huang et al., 2010). Cortical and striatal
GLT-1 levels are decreased in the R6/2 mouse model of HD, however,
the relative changes in astrocytic versus neuronal GLT-1 levels are not
known. Decreased GLT-1 expression in itself does not exacerbate dis-
ease progression (Petr et al., 2013). This study tested the effect of
putting the R6/2 mutation on a GLT-1 het null background, leaving
50% expression and function in both neurons and astrocytes. Petr et al.
(2013) does not address the question of the impact of near total deletion
of neuronal GLT-1 on disease progression in the R6/2 mouse model. We
have observed the synGLT-1 KO mouse up to 1 year of age and have
found no behavioral evidence of a neurodegenerative disorder. For
example they do not show hindlimb clasping with tail suspension at
that age (Lin et al., 2001). However, the point of the present study is not
that the synGLT-1 KO is a model for HD, but rather that some of the
transcriptional abnormalities that have been observed in HD may be
due to disturbance of glutamate homeostasis in presynaptic terminals
similar to that produced by neuronal GLT-1 knockout. The question
then is whether HD produces alteration in the expression or function of
neuronal GLT-1 itself or in the downstream pathways with which it is in-
volved. If so, these alterations might be the cause of the transcriptional
abnormalities, rather than a direct effect of mutant huntingtin on tran-
scription, as has been proposed.

Although we found no change in expression of GLT-1 in axon
terminals in the R6/2 transgenic mouse model of HD (Petr et al., 2013),
this observation does not exclude the possibility that in other mouse
models or in the human disease there is a decrease in expression of GLT-
1 in neurons. Petr et al. (2013) did find a significant decrease in total

Fig. 6. In situ hybridization detection of Dnm-1 mRNA in 6 and 12 week-old wild-type (WT) and synGLT-1 KO mice. Total Optical density (OD) was measured
in the striatum, VTA, NAcc, PFc, CA1, CA3, Cb, MCtx, pons, medulla, thalmus, and SNr of 6 (A,B) and 12 (C,D) week-old mice (regions identifiable in the
autoradiogram) according to genotype. *P < 0.01 compared to littermate control mice within brain region. N=6 per group (3 male and 3 female per age per
genotype). B,D) Representative autoradiograms of Dnm-1 mRNA hybridization in 6 (B) and 12 (D) week-old mice.

Fig. 7. qRT-PCR quantification of CB2 mRNA in 6 and 12 week-old wild-
type (WT) and synGLT-1 KO mice. CB2 cDNA abundance was quantified re-
lative to β-actin in the total brain (A) and in the striatum, VTA, NAcc, and PFc
of 6 week-old (B) and 12 week old (C) mice according to genotype. *P < 0.01
compared to littermate controls within brain region. N=6 per group (3 male
and 3 female per age per genotype).

Fig. 8. Glutamate uptake into crude synaptosomes from the striatum was
significantly reduced in the synGLT-1 KO. Glutamate uptake into crude sy-
naptosomes from dorsal striatal tissue taken from the synGLT-1 KO and controls
was determined using L-[3H]glutamate (N = 6 each genotype; all male).
Glutamate uptake was significantly reduced by deletion of neuronal GLT-1
(*:p < 0.01).
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GLT-1 protein expression in the striatum assayed by western blot, but
no change in tritiated glutamate uptake by crude striatal synaptosomes.
These results are consistent with the conclusion drawn from prior stu-
dies (Petr et al., 2015; Rimmele and Rosenberg, 2016; Zhou et al.,
2018) that synaptosomal uptake primarily reflects the activity of GLT-1
expressed in axon terminals and not astrocytes, and suggest that the
decrease in GLT-1 protein that was observed in the R6/2 mouse was
localized to astrocytes.

Neuronal GLT-1 may have roles other than glutamate clearance, and
HD may disturb expression of GLT-1 itself or perturb mechanisms in the
presynaptic terminals with which GLT-1 is involved. For example, it has
been suggested that GLT-1 may be important for mitochondrial func-
tion and utilization of glutamate by mitochondria in astrocytes (Genda
et al., 2011; Jackson and Robinson, 2017; Robinson and Jackson,
2016). HD may in some way interfere with GLT-1 dependent utilization
of glutamate by mitochondria in axon terminals.

Several of the transcripts whose levels were dysregulated in this
study, including ppENK, CB1, PDE10A, D2, and CB2 are also dysregu-
lated in HD (Denovan-Wright and Robertson, 2000), while changes in
other transcripts, such as Dnm-1, were unique to synGLT-1 KO mice. In
HD, transcriptional dysregulation is thought to be due to direct effects
on transcription by mutant huntingtin (Gomez et al., 2006; Hogel et al.,
2012). However, the observations made here suggest that ppENK, CB1,
PDE10A, and CB2 mRNA levels are highly sensitive to changes in glu-
tamate homeostasis influenced by neuronal GLT-1, especially in the
striatum (Fig. 9), and that a similar pattern of dysregulation to that
observed in HD can be produced simply by alterations in glutamate
homeostasis by inactivation of GLT-1 in neurons in the presence of
normal huntingtin.

In the case of PDE10, observations concerning alteration in PDE10
expression in HD and on the functions of PDE10 in synaptic signaling

(Beaumont et al., 2016; Kleiman et al., 2011) were the scientific justi-
fication for a clinical trial of the effect of a PDE10 inhibitor on HD
progression. This study, which failed, is reported at the following
website: https://www.clinicaltrialsregister.eu/ctr-search/trial/2014-
001291-56/results. Our observation that a similar downregulation of
PDE10 is observed in the GLT-1 neuronal knockout suggests that the
alteration in PDE10 expression could be a distant consequence of mu-
tant huntingtin expression. The change in PDE10 expression may be a
consequence of the synaptopathy produced by mutant huntingtin, rather
than a cause of the synaptopathy.

CB1 limits neurotransmitter release and downregulation of CB1 le-
vels may be a compensatory mechanism by neurons in response to
circuit changes in the synGLT-1 KO (Ohno-Shosaku and Kano, 2014).
Up-regulation of CB2 may be compensatory as well because higher as-
trocytic CB2 levels are observed following excitoxic lesions (Palazuelos
et al., 2009) and in HD and Parkinson's disease, where excitotoxicity
may contribute to disease progression (Bisogno and Di Marzo, 2010;
Laprairie et al., 2014). We did not determine whether changes in gene
expression were astrocytic or neuronal in this study.

With the exception of Dnm-1, inactivation of GLT-1 in neurons did
not affect transcript levels assessed at 6 weeks of age. Dnm-1 mRNA
levels were lower in both 6 and 12 week old synGLT-1 KO mice com-
pared to littermate control mice in all brain regions examined that re-
ceive glutamatergic input (Fig. 9), suggesting that Dnm-1 mRNA reg-
ulation is particularly sensitive to changes in glutamate homeostasis, at
least that component of glutamate homeostasis that is regulated by
GLT-1 expressed in axon terminals. Because Dnm-1 regulates vesicular
neurotransmitter release, Dnm-1 levels may be lower in glutamatergic
neurons in synGLT-1 KO mice because of a compensatory change in
order to reduce glutamate release in response to lower glutamate up-
take (Chen-Hwang et al., 2002). In contrast, Dnm-1 levels may be

Fig. 9. Summary of changes in gene expression observed in this study. Overall changes in gene expression observed in synGLT-1 KO mice relative to littermate
control mice are summarized for each of the brain regions studied. Neuronal projections between brain regions are shown as A) glutamatergic neurons, B) GABA-
ergic neurons, and C) dopaminergic neurons. Lower mRNA levels in synGLT-1 KO mice relative to littermate control mice are indicated in red font. Higher mRNA
levels in synGLT-1 KO mice relative to littermate control mice are indicated in green font. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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higher in GABAergic neurons, such as those in the Str, to inhibit the
activity of glutatamergic neurons onto which they synapse (Chen-
Hwang et al., 2002). Further investigation is required to determine
whether dysregulation of Dnm-1 affects mitochondrial function, vesicle
shuttling, and neurotransmitter release in synGLT-1 KO mice (Chen-
Hwang et al., 2002).

Enkephalin is co-packaged with glutamate in several regions of the
brain (Van Bockstaele et al., 2000). If glutamate release were reduced
to compensate for reduced glutamate uptake, it is possible that en-
kephalin – and thus ppENK mRNA levels – would also be decreased in
glutamatergic neurons because of decreased release (Van Bockstaele
et al., 2000).

It is noteworthy that changes in mRNA levels in synGLT-1 KO were
observed – for the majority of changes – at 12 weeks of age but not at 6
weeks of age, suggesting an important role for processes active during
adolescence in governing the transcriptional response to the lack of
GLT-1 in neurons. Future studies are required to determine if excess
extracellular glutamate per se contributes to the changes in gene ex-
pression seen in the synGLT-1 KO mice.

These observations suggest that neuronal GLT-1 plays an important
physiological role in glutamate uptake and transcriptional regulation
throughout the brain, and particularly in the striatum and prefrontal
cortex, which are critical targets of dopaminergic signaling (Berger
et al., 2005; Pavese et al., 2003). Beyond its potential relevance to
understanding neurodegenerative disorders, our findings suggest that
GLT-1 expressed in neurons may regulate dopamine-dependent reward,
motivation, and addiction processes. Interestingly, higher CB2 levels
produced by overexpression have been shown to reduce addiction and
cocaine self-administration in mice (Aracil-Fernández et al., 2012). It
has recently been reported that synGLT-1 KO mice show decreased
locomotor response to acute administration of another psychostimiu-
lant, amphetamine (Fischer et al., 2018). Whether this phenotype is
related to increased expression of CB2 receptors in these mice is un-
known. As with CB2, PDE10A activity is thought to have important
effects on dopaminergic signaling in the striatum (Wilson and Brandon,
2015). PDE10A inhibition has been shown to improve corticostriate
pathway function in Huntington's disease models (Beaumont et al.,
2016) and has been considered as a therapeutic modality in schizo-
phrenia as well as in HD (Geerts et al., 2016; Harada et al., 2017).
Future research should determine the specific alterations in glutamate
homeostasis and synaptic function produced by inactivation of GLT-1 in
neurons, how these alterations produce the transcriptional dysregula-
tion observed here, and whether and how the functions of GLT-1 ex-
pressed in neurons affects dopaminergic signaling. Most intriguing is
the possibility that the synaptopathy in HD might be similar to that in
the neuronal GLT-1 knockout, and that understanding the latter might
provide a clue to the nature and origin of the HD synaptopathy.
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