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Blockade of Astrocytic Glutamate Uptake in the Prefrontal

Cortex Induces Anhedonia

Catherine S john', Kare‘|‘1 L Smith', Ashlee Van’t Veer', Heinrich S Gompf', William A Carlezon jr',
Bruce M Cohen', Dost Ongiir' and Anita ] Bechtholt-Gompf*'

'Department of Psychiatry, Harvard Medical School-MclLean Hospital, Belmont, MA, USA

Major depression is associated with both dysregulated glutamatergic neurotransmission and fewer astrocytes in limbic areas including the
prefrontal cortex (PFC). These deficits may be functionally related. Notably, astrocytes regulate glutamate levels by removing glutamate
from the synapse via the glutamate transporter (GLT-1). Previously, we demonstrated that central blockade of GLT-1 induces anhedonia
and c-Fos expression in the PFC. Given the role of the PFC in regulating mood, we hypothesized that GLT-1 blockade in the PFC alone
would be sufficient to induce anhedonia in rats. WWe microinjected the GLT-I inhibitor, dihydrokainic acid (DHK), into the PFC and
examined the effects on mood using intracranial self-stimulation (ICSS). At lower doses, intra-PFC DHK produced modest increases in
ICSS thresholds, reflecting a depressive-like effect. At higher doses, intra-PFC DHK resulted in cessation of responding. We conducted
further tests to clarify whether this total cessation of responding was related to an anhedonic state (tested by sucrose intake), a
nonspecific result of motor impairment (measured by the tape test), or seizure activity (measured with electroencephalogram (EEG)).
The highest dose of DHK increased latency to begin drinking without altering total sucrose intake. Furthermore, neither motor
impairment nor evidence of seizure activity was observed in the tape test or EEG recordings. A decrease in reward value followed by
complete cessation of ICSS responding suggests an anhedonic-like effect of intra-PFC DHK; a conclusion that was substantiated by an
increased latency to begin sucrose drinking. Overall, these results suggest that blockade of astrocytic glutamate uptake in the PFC is

sufficient to produce anhedonia, a core symptom of depression.
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INTRODUCTION

Anhedonia and cognitive dysfunction are two of the most
debilitating symptoms of major depressive disorder (MDD)
(Drevets, 2001). Although brain imaging studies suggest
that these symptoms may be due, in part, to dysfunction in
cortical regions that control emotionality (Bremner et al,
2002; Drevets, 2000; Lorenzetti et al, 2009; Malykhin et al,
2011; Sheline, 2003), little progress has been made in
identifying the underlying pathophysiology of MDD. The
medications that currently treat MDD specifically target the
serotonergic and noradrenergic systems and produce
eventual therapeutic effects via mechanisms that are not
fully understood (Duman and Monteggia, 2006; Nestler and
Carlezon, 2006) and although these medications provide
symptom relief for some, up to 60% of patients with
unipolar depression suffer from treatment-resistant depres-
sion (Fava, 2003). Furthermore, with over 50% of suicide
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victims having a previous diagnosis of treatment-resistant
depression (Henriksson et al, 1993), the need for improved
therapeutics to better treat depression has become a global
health concern. Novel insights into regional cortical
abnormalities that accompany MDD have identified cellular
and molecular changes in the prefrontal cortex (PFC) that
may be key regulators of depression-induced anhedonia
(for review, see Drevets, 2001; Hercher et al, 2009). This
work is designed to model cell loss in the PFC in animals to
better understand whether glial networks could represent
novel treatment targets for depression.

MDD is associated with regional volumetric changes
throughout a variety of limbic regions; however, all areas of
the PFC consistently display volumetric reductions in
imaging studies (Bremner et al, 2002; Drevets, 2000; Drevets
et al, 1997; Lim et al, 2012; Malykhin et al, 2011; Salvadore
et al, 2011). Decreases in PFC volume have been attributed
to reductions in glial cells (Cotter et al, 2002; Hercher
et al, 2009; Ongur et al, 1998; Rajkowska, 2000; Rajkowska
et al, 1999) and to a lesser extent, neuronal atrophy
(Cotter et al, 2002; Law and Harrison, 2003; Rajkowska,
2000; Rajkowska et al, 1999). Glial cell deficits in MDD are
accompanied by a decrease in astrocytic markers in the PFC
such as glial fibrillary acidic protein (Miguel-Hidalgo et al,
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20005 Si et al, 2004) and glutamine synthetase (Choudary
et al, 2005; Sequeira et al, 2009; Yildiz-Yesiloglu and
Ankerst, 2006), as well as morphological changes including
swelling of the size and shape of astrocytes (Miguel-Hidalgo
and Rajkowska, 2003). Furthermore, downregulation in the
high-affinity astrocytic glutamate transporters, SLC1A2
(EAAT2) and SLC1A3 (EAATI1), have been identified in
prefrontal cortical areas of human post-mortem tissue;
abnormalities that contribute to elevated glutamate levels in
the PFC (Choudary et al, 2005). These findings may suggest
defective or compromised metabolism of both neurotrans-
mitters and brain glucose in the PFC of depressed patients.
As astrocytes account for over 90% of the uptake and
metabolism of the excitatory neurotransmitter glutamate
(Chaudhry et al, 1995; Haugeto et al, 1996; Lehre and
Danbolt, 1998; Lehre et al, 1995), deficient astrocyte
function and decreased EAAT2 transporters, accompanied
by increased AMPA receptors in the PFC of depressed
patients (Choudary et al, 2005; Sequeira et al, 2009), may
contribute to the increased activation of the PFC that is seen
in depressed patients (Hashimoto et al, 2007; Kugaya and
Sanacora, 2005; Milak et al, 2005; Paul and Skolnick, 2003;
Sanacora et al, 2008; Valentine and Sanacora, 2009).
Furthermore, increased activity in the PFC is positively
associated with symptom severity in depression (Milak
et al, 2005) and both deep brain stimulation (DBS) and
electroconvulsive therapy, which are effective for treatment-
resistant depression, are thought to normalize activity of the
corticolimbic circuit (Mayberg et al, 2005; Michael et al,
2003; Pfleiderer et al, 2003).

It is not clear to what extent elevated glutamate levels in
specific limbic areas can account for the symptoms of
depression; however, preclinical studies have provided
some insight into this mechanism. Cortical PFC glial
ablation (Banasr and Duman, 2008), as well as pharmaco-
logical blockade of astrocytic glutamate uptake in the
amygdala (Lee et al, 2007) and ventral tegmental area
(Herberg and Rose, 1990), is sufficient to induce depressive-
like behavior in rats. Furthermore, we have previously
demonstrated that intracerebroventricular (ICV) infusion of
the astrocytic glutamate reuptake inhibitor dihydrokainic
acid (DHK) produces depressive-like symptoms in rats and
induces c-Fos expression in cortical regions such as the
infralimbic region of the PFC (Bechtholt-Gompf et al, 2010).
As the PFC controls aspects of executive function and
cognitive processing, in the present report we examined the
effects of intra-PFC DHK infusion in rats using tests that
quantify anhedonic-like behavior.

Intracranial self-stimulation (ICSS) is a powerful method
used to quantify motivation (Carlezon and Chartoff, 2007).
As increases in ICSS thresholds can be reflective of either
diminished reward or aversion and discomfort, we chose to
augment our ICSS findings with a sucrose-drinking test in
order to assess if intra-PFC DHK infusion alone is sufficient
to replicate the anhedonic-like symptoms found with ICV
DHK infusion. Also, as increases in cortical glutamate levels
can cause seizure activity and induce changes in locomo-
tion, we chose to assess these parameters using the modified
sticky tape test, a measure of forepaw coordination, and
electroencephalogram (EEG) recordings to assess seizure
activity. We hypothesized that intra-PFC DHK infusion
would be sufficient to produce an anhedonic-like phenotype
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that could not be attributed to seizure activity or altered
locomotion.

MATERIALS AND METHODS
Animals

A total of 23 male Sprague-Dawley rats (Charles River
Laboratories) weighing 300-350g at the time of surgery
were used in these studies. After surgery, the rats were
housed singly and maintained on a 12-h light/dark cycle
with food and water available ad libitum. Each experiment
consisted of naive cohorts of rats except for the tape test, as
detailed below. Procedures were conducted between 0900
and 1800h with the approval of the McLean Hospital
Institutional Animal Care and Use Committee and within
the guidelines of The National Research Council’s Guide for
Care and Use of Laboratory Animals.

Drugs

DHK (Tocris Bioscience, Ellisville, MO) blocks the uptake of
glutamate into astrocytes (Anderson and Swanson, 2000;
Arriza et al, 1994), resulting in increased extrasynaptic
glutamate levels. This effect has been shown both ex vivo
(Robinson et al, 1991) and in vivo (Fallgren and Paulsen,
1996). DHK does not bind to AMPA/kainite or other
glutamate receptors with significant affinity (Johnston et al,
1979), indicating selectivity for glutamate transporter (GLT-
1). Doses of DHK were derived from previously published
behavioral data (Bechtholt-Gompf et al, 2010; Lee et al,
2007). DHK was dissolved in PBS (pH 7.4) as previously
reported (Lee et al, 2007). DHK (0.0, 1.563, 3.125, or
6.25nmol in 1pl; 0.5pl/side) was delivered at a rate of
0.25 ul/min and injectors were left in place for 1 min after
the infusion to allow for adequate diffusion.

Surgery

Rats were implanted with monopolar stainless steel
stimulating electrodes (0.25mm diameter) aimed at the
medial forebrain bundle (10° angle; from bregma 4.2 mm
anterior + 1.7 mm lateral, 7.9 mm ventral from the dura)
and/or bilateral PFC cannulae (26ga) aimed at the
infralimbic area of the PFC (with ICSS electrode for long-
term studies: from bregma 2.4mm posterior, 0.75mm
lateral, 2.8 mm lateral; without ICSS electrode for short-
term studies: from bregma 2.8 mm posterior, 0.75mm
lateral, 2.6 mm ventral from the dura with an additional
1.5mm injector projection) (Paxinos and Watson, 2007).
Rats were anesthetized with Nembutal (65 mg/kg, IP) and
small burr holes were made in the skull through which an
electrode and/or guide cannula was lowered to the specified
depth under stereotaxic guidance. The electrodes and guide
cannulae were fastened to the skull using stainless steel
screws and dental acrylic. The rats were allowed 7 days of
recovery before the start of experimentation.

Intracranial Self-Stimulation

ICSS was conducted to assess changes in hedonic state after
DHK treatment. The rats were trained on a fixed-ratio-one



(FR1) schedule of reinforcement to obtain brain stimulation
as previously described (Bechtholt-Gompf et al, 2010;
Carlezon and Chartoff, 2007). Briefly, rats were trained to
lever press for a 0.5-s pulse train. The stimulation current
(100-300 pLA) was adjusted for each animal to the lowest level
that sustained responding at a rate greater than 1 lever press/
s. After stable responding was reached, the rats were trained
to lever press for a series of 15 descending frequencies (158-
32Hz at descending 0.05 logl0 units), which was termed a
‘pass’ after completion of all 15 descending frequencies.
Daily training sessions consisted of 4 consecutive passes,
which typically spanned 6-8 weeks. To characterize the
relationship between response strength and reward magni-
tude, the least-squares best fit line was plotted across the
frequencies that maintained responding at 20, 30, 40, 50, and
60% of the maximum response. From this function, the ICSS
threshold was defined as the frequency at which the function
intersects with the x-axis (0-0; T0) (Miliaressis et al, 1986),
which represents the point at which the stimulation becomes
rewarding. The maximum rate of responding (Max Rate)
was calculated in parallel to assess potential performance
impairments. Drug test sessions began the day after mean
ICSS thresholds varied by < +10% across five training
sessions. On test days, rats were allowed to press through
three baseline passes, infused bilaterally intra-PFC with one
of four doses of DHK (total bilateral infusion: 0.0, 1.563,
3.125, or 6.25nmol in 1pl) and then subjected to three
additional passes. Each animal was administered each dose
in increasing order on separate test days with treatment days
interspersed with baseline recovery days.

Sucrose Intake

Attenuation of sucrose consumption is a commonly used
animal model of anhedonia and can be observed after a
wide range of stressors (Muscat and Willner, 1992; Papp
et al, 1991). Sucrose intake was assessed over a 30-min
period to determine whether DHK induced behavior
consistent with an anhedonic state. Rats were presented
three times a week for 1h with sucrose drinking bottles
(10% solution) for 9 weeks to assess baseline intake without
food and water deprivation. Drug test sessions began 1 day
after mean sucrose intake varied by < £10% on previous
testing day, with treatment days interspersed with baseline
recovery days. On testing days, rats were bilaterally infused
with vehicle or DHK (6.25 nmol in 1 pl) and then subjected
to a 30-min sucrose intake test.

Modified Adhesive Removal (Sticky Tape) Test

As higher doses of intra-PFC DHK resulted in complete
cessation of ICSS responding and reductions in Max Rate,
motor control was assessed to determine whether DHK
induces nonspecific motor effects that could account for
cessation of responding. The modified sticky tape test
(MST) is used as an assessment of somatosensory/fine
motor coordination impairment in rats (Bouet et al, 2009;
Komotar et al, 2007). Rats were tested 1 week after
completion of the sucrose intake test. Before DHK testing,
the MST was performed daily for 1 week to assess baseline
removal times. On the test days, groups were counter-
balanced for treatment order and then bilaterally infused
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with either vehicle or DHK (6.25 nmol in 1 pl) immediately
before adhesive tape (3.0 cm long; 1.0 cm wide) was applied
to both forepaws. The time required for rats to remove both
pieces of tape fully from each paw was recorded and the
average amount of time to remove tape from both forelimbs
was calculated. On the next day, rats were subjected to the
MST without intracranial treatment to confirm that no
residual deviation from baseline was detected. On the
second and final test day (24h after baseline was reached
following the first treatment), rats were given the opposite
treatment compared with the first test day and infusion and
testing procedures were executed as above.

EEG Surgery and Testing

EEG testing was performed to assess whether intra-PFC
DHK can induce seizures that would interfere with ICSS
responding or sucrose intake. Four EEG screw electrodes
were implanted into the skull, in the frontal (two) and the
parietal (two) bones of each side, and two flexible
electromyogram (EMG) wire electrodes (Plastics One,
Roanoke, VA) were placed into the neck muscles. The free
ends of the leads were fit into a socket that was attached to
the skull with dental cement. At 2 weeks after surgery, the
sockets were connected via flexible recording cables and a
commutator (Plastics One) to a 16-channel analog amplifier
(A-M systems) and the signal was digitized using an analog
to digital converter card running Vital Recorder (Kissei
Comtec) on a Dell PC. Video recordings were also
synchronized to the EEG/EMG traces using this software.
Following 48h of acclimation to the sound-attenuated
recording chamber with the EEG/EMG cable attached, rats
were recorded for a total of 24h to assess baseline, post-
vehicle injection, post-DHK injection, and recovery EEG/
EMG signals at a sampling rate of 256 Hz. No filter was
applied for the recording and rats were left undisturbed
following injections. Wake/sleep states were automatically
scored and manually checked in 4 s epochs using ‘SleepSign
for Animal’ software (Kissei). Following this, the data were
first visually inspected for movement-associated noise
artifacts (excluded from further analyses). Then, EEG power
spectra were computed for consecutive 4 s epochs between
0.75 and 50 Hz using a fast Fourier transform routine. The
data were collapsed into 0.25Hz bins (‘FFT point’ = 1024),
power densities were summed over the entire frequency
range, and each frequency bin was standardized by
expressing it as a percentage relative to the total power
within each 4s epoch. The standardized data were then
averaged between rats undergoing each treatment (vehicle
or 6.25 nmol DHK). Additionally, the power spectral density
at different frequency ranges was computed: ¢ (1-4.5Hz), 0
(5-8.5Hz), o (9-13.5Hz), f (14-31.5Hz) and y (lower y or
y1l: 32-58 Hz) to compare the 15 and 30 min following
vehicle injections with the 15 or 30min following DHK
injections.

Histological Verification

Following the last test session, rats were anesthetized with
sodium pentobarbital (130 mg/kg IP) and transcardially
perfused with 0.9% NaCl followed by 4% paraformaldehyde
in isotonic sodium phosphate-buffered saline (PBS).
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Figure |

Intra-PFC DHK injection sites. (a) Schematic of the infralimbic region of the PFC indicating location of placements of bilateral cannulae (Paxinos

and Watson, 2007). The box indicates field of view in (b). (b) Placements of bilateral cannulae of a representative rat indicating guide cannulae and obturator.
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(a) Effect of intra-PFC DHK (1.563, 3.125, or 6.25 nmol) on ICSS thresholds over 45 min after infusion. Inset represents effects on TO within the

first 15 min. Follow-up comparisons showed that the effects of DHK were short in duration and dose dependent. Significant effects were observed during
the first |5 min after DHK infusion and the highest dose of DHK yielded greater thresholds. Time x dose interaction: p <0.05. *Significantly different from
the vehicle and 1.563 nmol-treated group, p <0.05 (n=8). (b) Effect of intra-PFC DHK (1.563, 3.125, or 6.25 nmol) on ICSS maximum response rate over
45 min after infusion. Inset represents effects on Max Rates within the first |5 min. Significant effects were observed during the first 15 min after DHK infusion
with the highest dose of DHK yielding significant decreases in Max Rate. Time X dose interaction: p <0.05. *Significantly different from the vehicle group,

p<005 (n=8).

Following perfusion, brains were removed and postfixed for
24h and then cryoprotected with 30% sucrose. Frozen
40 um coronal sections were cut through the site of the
microinjectors using a microtome and collected in PBS with
0.05% sodium azide. Sections were then mounted onto
slides and stained with cresyl violet. Rats given microinjec-
tions outside of the infra-limbic PFC were eliminated from
all analyses. An example photomicrograph of infra-limbic
bilateral injection site is shown in Figure 1.

RESULTS
Effects of DHK on ICSS

Intra-PFC DHK dose-dependently increased ICSS thresh-
olds (Figure 2a). At the higher doses, intra-PFC DHK
induced complete cessation of responding in some rats. In
those cases (n =3/8; 3.125 nmol and n = 5/8; 6.25 nmol), the
highest stimulation frequency available was used to
calculate the threshold. One-way repeated measures ANO-
VA revealed significant main effects of dose (F(3,21) =9.9;
p<0.0001) and time (F(1,7)=20.3; p<0.01), and a
dose x time interaction (F(7,21) =4.7; p<0.05). Follow-up
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Bonferroni post hoc comparisons showed that rats treated
with DHK either completely stopped responding or
required significantly higher minimum stimulation fre-
quencies to maintain responding in the first 15min after
DHK infusion compared with both vehicle-treated and
1.563 nmol-treated rats (6.25nmol; p<0.05). Figure 2b
shows the effects of intra-PFC DHK on maximum response
rates (Max Rates). One-way repeated measures ANOVA
revealed statistically significant main effects of dose
(F(3,21)=11.2; p<0.001) and time (F(1,7) =9.9; p<0.05),
and a dose x time interaction (F(7,21)=6.4; p<0.05).
Follow-up Bonferroni post hoc comparisons revealed that
rats treated with DHK had significantly blunted Max Rates
during the first 15 min after DHK infusion, with the highest
dose reaching statistical significance relative to vehicle
treatment (6.25nmol; p<0.05). Decreased Max Rates
can be the result of decreased hedonic value of stimulation
(Do Carmo et al, 2009) or reduced performance ability
(Carlezon and Chartoff, 2007). Figure 3 represents the
characteristic rightward shift of the rate-frequency function
(increased TO) from a representative rat that did not
completely stop responding, indicating an anhedonic-like
(reward decreasing) effect.



Effects of DHK on Sucrose Intake

Similar to the anhedonic-like effect of intra-PFC DHK
during ICSS, a paired-samples t-test suggested that intra-
PFC DHK (6.25 nmol) increased latency to begin drinking
sucrose (#(7) = —2.4; p<0.05) without altering total sucrose
intake (#(7) = —1.7; p=0.1; Figure 4a and b). Furthermore,
rats treated with DHK did not spend more time compared
with vehicle-treated rats performing behaviors other than
sucrose drinking (eg, walking around, rearing, sniffing;
t(7) =0.2; p = 0.847).

Effects of DHK on the Modified Tape Test

As shown in Figure 4c, intra-PFC DHK treatment did
not significantly increase the time required for rats to
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Figure 3 ICSS rate-frequency functions from a representative rat at

baseline and after treatment with 6.25nmol intra-PFC DHK. Changes in
motivation are indicated by lateral shifts in the frequency response curve.
Shifts to the right of this frequency response curve indicate that higher
frequencies of medial forebrain bundle stimulation are required to support
lever pressing, suggesting an anhedonic-like state. Vertical shifts in the
frequency response curve can also be indicative of changes in motivation;
however, it is difficult to distinguish these effects from the effects in
performance capability. These curves show that intra-PFC DHK caused both
a downward vertical shift, indicative of decreased lever pressing, and a
rightward shift in rate-frequency function, suggesting a depressed-like mood.
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remove the tape from their paws compared with vehicle
treatment. A paired samples ¢-test indicated no significant
differences in tape removal time between treatment
conditions (#(5)=—1.4; p=0.24). These data suggest
that somatosensory function is intact in DHK-treated
rats, supporting the hypothesis that the potentially anhe-
donic effects of intra-PFC DHK that we observed in both
ICSS and sucrose intake tests are not an artifact of motor
impairment.

Effects of DHK on EEG

Close visual examination (see traces in Figure 5a) revealed a
typical waking EEG following injection of either vehicle or
DHK. No large-amplitude spike and wave discharges, as are
characteristic during ictal seizures, were noted in any of the
traces. The 15min power spectrum across the entire
frequency range (0.75-58 Hz) was also typical of an awake
and alert rat (Figure 5b). Moreover, the power spectra
following vehicle injection did not differ significantly from
those following DHK infusion. These results suggest that
significant global impairments of cortical activity do not
result from DHK treatment. Human studies have shown
that patients with MDD display increased power in the o
frequency range (9-13.5Hz) during quiet wakefulness,
which is gradually reversed in the course of antidepressant
treatment (for review, see Badrakalimuthu et al, 2011). We
therefore calculated the relative power in the ¢ (1-4.5Hz),
0 (5-8.5Hz), o (9-13.5Hz), § (14-31.5Hz), and lower y
(32-58 Hz) frequency ranges and compared these values
between vehicle and DHK injections. The 6 power, a
measure of sleepiness, was increased (169.3 % 56.7%),
although not significantly compared with vehicle
(t(3) =1.03, p=0.38), and the rats were not asleep during
the 15 min following either vehicle or DHK injections. The 0
and f§ power remained the same following DHK relative to
vehicle treatment (113.7 £10.3%, #(3) =1.08, p=0.36 and
97.2 £ 6.8%, t(3)=0.76, p=0.50 respectively), whereas y
power was somewhat attenuated following DHK
(80.6 £ 6.6%, t(3)=2.64, p=0.08). Interestingly, the o
power in the rats during the 30 min following DHK was
strongly increased (163.0%23.0%, t(3)=3.67, p=20.03)
compared with vehicle.

a so, b 7 C 101

451 x 91
g 40 2 2 T T 8
= 357 = E7
£ 307 % 15 o 61
Q 5e = E cJ
8 - E .
B : g
£ 15- g g 31
T 10 A 57 & 2

54 11

0- 0 - 0

VEH 6.25 nmol VEH 6.25 nmols VEH 6.25 nmol
Drug Drug Drug

Figure 4 (a) Effect of intra-PFC DHK on latency to begin drinking a 10% sucrose solution and total sucrose intake over a 30-min testing period (b). DHK
in the PFC significantly increased latency to begin drinking sucrose and had no significant effect on total sucrose intake. *Significantly different from vehicle
group, p<0.05 (n=38). (c) Effect of intra-PFC DHK on average tape removal time in the modified sticky tape test. Intra-PFC DHK treatment did not
significantly increase overall time spent removing tape from both forepaws compared with vehicle, suggesting intact somatosensory function (n = 6).
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(a) EEG traces (15 min time scale) following injection of vehicle (top) or 6.25nmol DHK (bottom). Rats were awake for at least |5min. The

typical wake EEG pattern depicted here was observed following either saline or DHK injection in all rats (n=5). (b) Power spectrum across the entire
frequency range of 0.75-50 Hz after either vehicle or intra-PFC DHK infusion. Both power spectra are typical of what one would expect in an awake rat,
suggesting no significant global impairments of cortical activity after DHK treatment.

DISCUSSION

The major finding we report is that blockade of astrocytic
glutamate uptake in the PFC induces a pro-depressive
phenotype in the rat. Specifically, pharmacological reduc-
tion of glial glutamate uptake diminished the rewarding
effects of medial forebrain bundle stimulation and sucrose
drinking. As a lack of astrocytic function can induce some
signs of depression, these findings, along with previous
reports, suggest that a deficit of astrocytes in the PFC of
depressed patients may be a key pathophysiologic element
of MDD and, specifically, the symptom of anhedonia.

Intra-PFC DHK increased ICSS thresholds (T0) and at the
higher doses tested induced a complete cessation of
responding in some rats, consistent with an anhedonic-like
effect. This interpretation was substantiated by another
measure of reward state, sucrose intake, wherein intra-PFC
DHK increased the latency to begin drinking a palatable
sucrose solution. These findings demonstrate that reduced
astrocyte function is associated with depressive symptoms
and are consistent with previous reports showing that
central (Bechtholt-Gompf et al, 2010) or amygdalar (Lee
et al, 2007) blockade of astrocytic glutamate uptake induces
signs of depression including anhedonia (Bechtholt-Gompf
et al, 2010), cognitive impairment (Bechtholt-Gompf et al,
2010), social avoidance (Lee et al, 2007), and disrupted
circadian rhythms (Lee et al, 2007). These findings are also
in agreement with another report wherein astrocyte ablation
specifically in the PFC decreased sucrose intake and
increased response to novelty and immobility in the forced
swimming test (Banasr and Duman, 2008).

Intra-PFC DHK also had profound effects on maximal
rates of responding (max rate) in the ICSS test. This effect
can be the result of impaired motor performance
(Carlezon and Chartoff, 2007), as manipulations that
physically interfere with lever pressing, such as making
pressing more difficult or muscle relaxants, decrease
response rate (Miliaressis et al, 1986). However, this result
can also be indicative of the induction of anhedonia
(Bechtholt-Gompf et al, 2010), as either decreasing the
intensity of the stimulation or increasing the response
requirement decrease maximum response rates (Do
Carmo et al, 2009). The complex ICSS outcome is shown
graphically in Figure 3, which demonstrates that intra-
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PFC DHK caused a rightward shift (indicative of increased
T0) and a downward shift (indicative of decreased max
rate). DHK also decreased the latency for rats to begin
drinking a palatable sucrose solution, an effect that may
likewise be indicative of motor impairment or anhedonia.
As either impaired performance or anhedonia could result
in increased latency to drink sucrose or decreased rate of
responding in the ICSS test, and because the lack of
responding in the ICSS test was complete in some rats, we
conducted the tape removal test to ensure that fine motor
skills were intact after intra-PFC DHK infusion. In this
test DHK did not significantly increase the latency to
remove the tape from both paws, suggesting that the rats
likely had sufficient motor skills to press the lever.
Although not significant, there was a slight increase in
latency to remove the tape in rats infused intra-PFC with
the highest dose of DHK. We suggest that this result might
also be associated with decreased motivation as the rats
have to ‘want’ to remove the tape.

DHK is known to increase extracellular glutamate levels
(Fallgren and Paulsen, 1996) an effect that could induce
seizure activity (for review, see Bradford, 1995) and
therefore potentially confound responding in the ICSS and
sucrose tests. This seemed unlikely because rats were not
impaired in the tape test after intra-PFC DHK, but
nevertheless we sought to determine whether seizures were
induced by this treatment. No seizure activity was observed,
suggesting that the effects we obtained in the ICSS and the
sucrose tests were likely the result of a change in mood-like
state or motivation. This interpretation was indicated by
normal EEG patterns lacking large-amplitude spike and
wave discharges and demonstrated by overlapping power
spectra for vehicle- and DHK-treated rats. We also analyzed
the relative power of relevant frequency ranges. These data
proved interesting in that o power was significantly
increased after intra-PFC DHK treatment. This finding is
consistent with results observed in depressed patients, in
whom o power is increased with illness and normalized with
antidepressant treatment (for review, see Badrakalimuthu
et al, 2011).

The specific mechanisms through which a paucity of glia
could contribute to the depressed phenotype are unknown.
However, some data suggest that glutamate dysregulation,
and elevated glutamate, in particular, as would be expected



with reduced numbers or function of astrocytes, play a role
in the expression of symptoms of anxiety and depression,
including anhedonia. For example, human data from DBS in
treatment-resistant depression suggests that there is a
baseline increase in activation of area Cg25 that is normal-
ized by both pharmacological antidepressant and DBS
treatment (Mayberg et al, 2005). Structural and connectivity
evidence implicates the infralimbic and prelimbic cortical
regions of the rat as homologous to area 25 (Ongur and
Price, 2000), suggesting increased activity of the infralimbic
PFC could lead to anhedonic-like outcomes in animal
models. Chronic unpredictable stress—a preclinical model
that induces depressive-like symptoms in animals—has
been shown to induce astrocytic gap junction dysfunction
and consequent decreases in connexin 43, an astrocyte-
specific gap junction protein, in the PFC of rats (Sun et al,
2012). The effects of these manipulations have been shown
both in vitro and in vivo to be glutamate dependent (Ozog
et al, 2002; Zador et al, 2008). These results suggest that
depressive-like outcomes correlate with increases in gluta-
mate and astrocyte dysregulation that may lead to increases
in glutamate- changes that, therefore, probably contribute
to an anhedonic phenotype.

We have shown that decreasing astrocytic glutamate
uptake in the PFC can induce some of the symptoms
observed in depressed patients, including anhedonia and
irregular EEG patterns. This dysfunction was achieved by
direct infusion of the GLT-1 inhibitor DHK into PFC, which
pharmacologically mimics the dysfunction of astrocytic
glutamate uptake observed in patients with depression.
These data suggest that the lack of astrocytes observed in
MDD patients may have a causal role in producing or
mediating some of the symptoms of depression. These data
add to the growing body of literature suggesting that the
ability to detect alterations in astrocytic function in vivo
might serve as a diagnostic criterion for MDD, and that
restoration or enhancement of astrocytic function might
represent a novel treatment target for some symptoms of
depressive disorders.
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