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Abstract

Aim: We previously reported that methamphetamine (METH)-induced conditioned
place preference was attenuated by Shati/Nat8| overexpression in the medial pre-
frontal cortex (mPFC). Shati/Nat8| overexpression in the mPFC expressed lower
levels of both glutamate and dopamine (DA) in the nucleus accumbens (NAc) and
attenuated METH-induced DA elevation. We suggested a mechanism in which a de-
cline of glutamate levels in the NAc decreases extracellular DA levels. However, the
hypothesis has not confirmed.

Methods: We conducted a recovery experiments by pre-microinjection of an mGIuR
group Il antagonist, LY341495, into the NAc shell of mPFC-Shati/Nat8l-overex-
pressed mice followed by METH injection and DA levels measurement by in vivo
microdialysis.

Results: Pretreatment with LY341495 was able to restore METH-induced DA increase.
Furthermore, mice injected with an adeno-associated virus vector containing GFP
(AAV-GFP vector) in the mPFC expressed a colocalization of GFP with DARPP-32 a
medium spiny neuron (MSN) marker. Next, co-immunostaining of DARPP-32 and neu-
ronal nitric oxide synthase (nNOS: expressed in a subtype of gamma-Aminobutyric
acid (GABA interneurons) in ventral tegmental area (VTA) showed a colocalization of
nNOS and DARPP-32.

Conclusion: These results provided a proof that Shati/Nat8l attenuation of METH-
induced DA increase is mediated by mGIuR group Il in the NAc. Moreover, immuno-
histochemical study showed a direct connection of mPFC projection neurons with
NAc MSN and a connection of MSN projection neurons with a subtype of GABA
interneurons in VTA.
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1 | INTRODUCTION

Shati/Nat8I is an N-acetyltransferase that generates N-acetylas-
partate (NAA) from acetyl-CoA and aspartate.! N-acetylaspar-
tate binds to glutamate, mediated by N-acetylaspartylglutamate
synthetase, and produces N-acetylaspartylglutamate (NAAG).
Overexpression of Shati/Nat8l in the nucleus accumbens (NAc)
increased both NAA and NAAG.? NAAG is the most abundant
neuropeptide in the brain.® NAAG is also considered as an agonist
of the metabotropic glutamate receptor mGIuR group II.* mGIuR
group |l receptors are expressed in the presynaptic membrane of
neurons.’

In our previous study, overexpression of Shati/Nat8l in the
medial prefrontal cortex (mPFC) attenuated methamphetamine
(METH)-induced conditioned place preference (CPP) and dopa-
mine (DA) increase in the NAc.® Moreover, Shati/Nat8| overex-
pression in the medial prefrontal cortex (mPFC) decreased both
glutamate and DA extracellular levels in the NAc shell. These
results are suggesting that Shati/Nat8l in the mPFC contributes
to NAc function. mPFC is an important brain region that actively
interacts with several brain areas.” We have hypothesized a mech-
anism in which a decrease of DA was due to activation of mGIuR
group Il by NAAG. However, this suggestion was not clarified. The
reward system neuronal network is very complicated. There is no
evidence of the histochemical colocalization of the direct connec-
tion of mPFC-projected neurons and medium spiny neurons (MSN)
in the NAc, as much as the connection of MSN neurons from NAc
with GABAergic interneurons in the ventral tegmental area (VTA).
In this study, we investigated the implication of mGIuR group Il
action on METH-induced DA response in the NAc in Shati/Nat8I-
overexpressed mice in the mPFC. Furthermore, immunohisto-
chemical studies were performed addressing the mPFC-NAc-VTA
pathway. We attempted to clarify and examine the mPFC projec-
tion neurons to MSN neurons in the NAc. Finally, we attempted to
detect a connection of MSN neurons with GABAergic interneu-
rons in VTA.

2 | MATERIAL AND METHODS

2.1 | Animals and drugs

Male C57BL/6J mice (8-week-old; 22-27 g; Nihon SLC, Inc.)
were housed in a room with a 12-hour light/dark cycle. Lights
were turned on at 7 am and turned off at 7 pm. All procedures
followed the National Institute of Health Guideline for the Care
and Use of Laboratory Animals and were approved by the Animal
Experiments Committee of the University of Toyama (Permission
Number A2015pha-21 and A2018pha10). Methamphetamine was
purchased from Dainippon Sumitomo Pharmaceutical Co. Ltd. and
was dissolved in saline (0.1 mg/mL). LY341495 was purchased from
Tocris Bioscience. All other reagents were obtained from standard

commercial sources.

2.2 | Adeno-associated virus vector production and
microinjection

The method used for the production and microinjection of adeno-
associated virus (AAV) vector has been reported and described
previouslyf”’&9

Mice were anesthetized with a combination of anesthetics
(medetomidine [0.3 mg/kg], midazolam [4.0 mg/kg], and butor-
phanol [5.0 mg/kg]) and were fixed in a stereotaxic frame (SR-5M;
Narishige). AAV9 CMV 6xHis Shati/Nat8l or CMV 6xHis GFP vec-
tors were injected (1010-1012 unit/0.7 pL/side for mPFC-Shati/
Nat8l and mPFC-Mock, respectively). The suspension was in-
jected bilaterally into the mPFC (AP 1.7; ML + 0.3; DV 1.5) ac-
cording to the mouse brain atlas.?!° The injection volume was
set similarly to that used in previous studies.® The injection rate
was 0.05 pL/min, and the needle remained at rest at the injection
site for 10 minutes after the end of the injection. Experiments
were performed on mice 3 weeks after the injection procedure.
The study was approved by the Board of Safety Committee for
Recombination DNA Experiments of the University of Toyama
(G2015PHA-12).

2.3 | In vivo microdialysis

2.3.1 | Dopamine measurement

In vivo microdialysis was performed as has been described previ-
ously.>®112 The cannula was placed into the NAc shell (1.4 mm
anterior and 0.5 mm lateral from the bregma, 3.2 mm below the
skull surface) according to the atlas.!® The day after surgery, a di-
alysis probe (Al-4-1, 1 mm membrane length; Eicom) was inserted
through the guide cannula and perfused with a ringer's solution
(147 mmol/L NaCl, 4 mmol/L KCI, 2.3 mmol/L CaCl,) at a flow rate of
0.5 pL/min by a syringe pump (ESP-64; EICOM). The dialysis probe
was inserted from 9 aM. Dopamine was allowed to stabilize for about
3 hours. Dopamine baseline levels were measured for 1 hour after

the stabilization.

2.3.2 | LY341495 intra-NAc treatment

LY341495 (7 or 10 pmol/L), referred as LY in this article, was ad-
ministered into the NAc shell through the microdialysis probe. LY
administration was performed at a flow rate of 0.5 ul/min for 15 min
in the same way as ringer solution (Veh).

2.3.3 | Methamphetamine stimulation

Fifteen minutes after LY treatment, mice were injected with 0.5 mg/
kg METH (subcutaneous s.c.) or saline and the DA levels were meas-
ured during 120 minutes after injection using in vivo microdialysis.

Dopamine standard was purchased from SIGMA.
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2.4 | Immunohistochemistry

Immunohistochemistry was performed as previously described.®
Sections of 30 um were placed in 4% PFA (paraformaldehyde) for
20 minutes, washed with PBS (Phosphate-buffered saline), and in-
cubated with 0.25% Triton X-100 for 15 minutes. Sections were
treated with 10 mmol/L citrate buffer (pH 6.00) for antigen re-
trieval at 100°C for 3 minutes, washed with Tris-buffered saline
with Tween-20 (TBS-T), and then blocked in 10% goat serum for
1 hour. Sections were incubated with mouse antibody against
GFP IgG (MBL), rabbit anti-DARPP-32 (Cell Signaling Technology),
and rabbit anti-nNOS (Sigma-Aldrich) at 4°C overnight, washed
with TBS-T, and then incubated with CF488 goat anti-mouse IgG
(H + L; Biotium) and CF594 goat anti-rabbit (Biotium) at room tem-
perature for 2 hours. After being washed and mounted, sections
were observed under a ZEISS fluorescence microscope, LSM780

(Keyence Co.).

2.5 | Statistical analysis

All data are expressed as mean * standard error of the mean (SEM).
To analyze the development of in vivo microdialysis, statistical dif-
ferences were determined by a two-way ANOVA with repeated
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measurement, followed by the Bonferroni's post hoc tests (using

Prism version 5).

3 | RESULTS

3.1 | The inhibitory effects of Shati/Nat8l in
the mPFC on METH-induced DA attenuation are
mediated by mGIuR group Il

As previously described in the introduction, Shati/Nat8I over-
expression in the mPFC was able to suppress METH-induced
CPP and attenuate METH-induced DA increase. Both DA and
glutamate were decreased in the NAc.® In these experiments,
we aim to verify whether Shati/Nat8l effect is mediated by
NAAG, so we blocked mGIuR group Il receptors using LY.
However, LY by itself canincrease DA levels so we first assessed
the highest LY concentration that does not affect DA levels in
the NAc in wild-type mice (WT) by intra-NAc treatment of LY
by perfusion for 15 minutes. At these conditions, 10 pmol/L
was enough to induce a significant difference while 7 pmol/L
did not affect DA levels (Figure 1A). Flnteraction(11,44) = 3.12;
P <0.01, Fy g4y = 8.:69; P <0.05, Fi; 04144y = 1.54; P > 0.05.
In the next experiments, we used 7 pmol/L on mPFC-Shati/
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FIGURE 1 Effect of group Il mGIuR antagonist on METH-induced alterations in the mPFC-Nat8I mice. A, Effect of intra-NAc

administration of LY 7 and 10 pmol/L on NAc DA in WT mice to determine which concentration of LY has not an effect on DA levels in the
NAc: the intra-NAc administration of a concentration of 10 pmol/L was able to significantly increase DA levels in the NAc after 15 min (at
t30). However, a concentration of 7 pmol/L does not increase the levels of DA in the NAc. N = 3 for each group, #Pp < 0.01, LY 10 pmol/L
at t30 vs t0. P > 0.05, ns LY 7 pmol/L t30 vs t0. (one-way ANOVA followed by the Bonferroni's test. P < 0.0001, LY 10 pmol/L group vs LY
7 pmol/L group (ANOVA with repeated measures followed by the Bonferroni's post hoc test). B, Effect of pretreatment of mPFC-Shati/
Nat8l with 7 pmol/L of LY 15 min before METH injection on extracellular DA levels in the NAc. LY 7 pmol/L restored METH-induced DA
increase in the NAc of mPFC-Shati/Nat8l. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, (LY METH) vs (Veh METH) (ANOVA with
repeated measures followed by the Bonferroni's post hoc test). METH injection after LY perfusion enhanced extracellular DA levels in the
NAc compared to Sal injection after LY perfusion. 5p < 0.05, $3p < 0.01, $$9p < 0.001, $$%5p < 0.0001. (LY METH) vs (LY Saline) (ANOVA
with repeated measures followed by the Bonferroni's post hoc test). No difference was observed in extracellular DA levels between LY
with Sal treatment and Veh with METH treatment, P > 0.05 (no significance (ns) symbol is not inserted in the figure to avoid overloading of
the figure) (Veh METH) vs (LY Saline) (ANOVA with repeated measures followed by the Bonferroni's post hoc test). DA, dopamine; METH,
methamphetamine; NAc, nucleus accumbens; WT, wild-type
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Nat8l mice. We treated mPFC-Shati/Nat8! with LY 7 pmol/L
(or Veh) for 15 minutes: from t-30 to t-15 (minutes). Fifteen
minutes later, METH (or saline) was injected to the mice at t-0.
Interestingly, mPFC-Shati/Nat8| mice treated with LY 7 pmol/L

prior to the METH injection showed an increase of DA lev-

els compared with mice treated only with ringer solution prior
to the METH injection (Figure 1B). F| .. .ction26.143 = 3-49;
P < 0.0001, Fy o211 = 21.50; P < 0.001, Fy; 1013143 = 1.08;
P > 0.05. These results confirm the implication of mGIuR group
Il in mPFC-Shati/Nat8l suppressive effect on METH-induced
DA increase in the NAc.

3.2 | Colocalization of mPFC neuron projection with
MSN neurons in the NAc shell

Consecutively, we injected AAV-GFP vectorinto the mPFC (Figure 2A).
Three weeks later, we performed immunohistochemistry of GFP and
DARPP-32in the NAc shell. Dopamine- and cAMP-regulated neuronal
phosphoprotein (DARPP-32) is a protein specifically identified in MSN
neurons expressing D1 and D2 receptorslle'*14 Firstly, we checked the
expression of DARPP-32 in MSN-specific areas (striatum and NAc).
DARPP-32 is expressed in both striatum (STR) and NAc (Figure 2B).
Moreover, we found that DARPP-32 and GFP are co-expressed in the
NAc shell (Figure 2C). This implies that mPFC neurons projecting to

the NAc shell connect directly to MSN neurons.

FIGURE 2 Immunohistochemical
analysis of GFP and DARPP-32 in the NAc
of mice injected with AAV-GFP vector.

A, AAV-GFP vector injection site in the
mPFC (AP 1.7). B, DARPP-32 expression
in MSN in the NAc and striatum (AP 1.4).
C, Co-expression of GFP and DARPP-32
in the NAc of mice injected with AAV-
GFP vector in the mPFC (co-expression

is indicated by the yellow fluorescence).
AAV, adeno-associated virus; DAPI, 4',6-
Diamidino-2-phenylindole dihydrochloride
(nucleus staining); DARPP-32,

dopamine- and cAMP-regulated neuronal
phosphoprotein; GFP, green fluorescent
protein; MSN, medium spiny neuron; NAc,
nucleus accumbens

3.3 | Nucleus accumbens shell neurons projection
to the VTA and colocalization of MSN neurons with
nNOS GABAergic interneurons subtype

Next, we injected AAV-GFP vector into the NAc shell and checked
the expression of GFP protein in the VTA (Figure 3A). In concert with
previous reports, NAc shell projects to VTA.1>1¢

Then, we tried to identify a connection of MSN neurons to VTA
interneurons. For this purpose, we performed DARPP-32 and nNOS
(neuronal nitric oxide synthase) immunohistochemistry in VTA
(Figure 3B,C). nNOS is expressed in a subset of interneurons in the
VTA.Y Interestingly, we found some colocalization of DARPP-32
and nNOS in VTA as indicated by the white arrowheads (Figure 3C).
These results provide an immunohistochemical proof that MSN neu-

rons target GABAergic interneurons in the VTA.

4 | DISCUSSION

In the previous article, we demonstrated that Shati/Nat8| overex-
pression in the mPFC attenuates METH-induced conditioned place
preference and DA increase in the NAc. Furthermore, Shati/Nat8lI
overexpression in the mPFC decreased both DA and glutamate lev-
els in the NAc.® We proposed a mechanism in which metabotropic

receptor mGIluR group Il in synaptic terminals from mPFC to NAc
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Immunohistochemical analysis of NAc neuron projection to VTA and VTA nNOS interneurons. A, AAV-GFP vector injection

in the NAc shell (left) and GFP expression in VTA (right), GFP expressed neurons in the NAc shell projected to VTA. B and C, MSN neuronal
marker DARPP-32 and nNOS GABAergic subtype marker expression in VTA. B, DARPP-32 represents NAc MSN projection fibers to VTA.
C, White arrowheads indicate a colocalization of DARPP-32 with nNOS in VTA. AAV, adeno-associated virus; DAPI, 4,6-Diamidino-2-
phenylindole dihydrochloride (nucleus staining); DARPP-32, dopamine- and cAMP-regulated neuronal phosphoprotein; GFP, green
fluorescent protein; MSN, medium spiny neuron; NAc, nucleus accumbens; nNOS, neuronal nitric oxide synthase; VTA, ventral tegmental

area

was implicated in this effect. In this study, we tested this idea by
using intra-NAc administration of mGIuR group Il antagonist. We
were able to confirm that this suppressive effect is mediated by
mGIuR group Il in the NAc. Furthermore, we explored the circuitry
involved in this mechanism by immunohistochemistry study. mGIuR
group Il is a class of glutamate receptors (mGIluR2/3) that are local-
ized in the presynapse.ig'19 Its activation inhibits neurotransmitter
release.?% In Shati/Nat8l-overexpressed brain regions of mice, both
NAA and NAAG were increased.? Next, NAAG binds to the presyn-
aptic mGIuR group Il in the NAc. Heretofore, intraperitoneal injec-
tion of LY to mice overexpressing Shati/Nat8l in the NAc restored
METH-induced DA increase in the NAc.? Here, we proved that intra-
NAc treatment with LY recovered the response of mPFC-Shati/Nat8I
mice to METH by increasing DA levels in the NAc after single METH
stimulation (Figure 1B). These results reinforce our previous theory

suggesting that Shati/Nat8l in the mPFC affects NAc DA through
the glutamatergic neurons projection from the mPFC to the NAc.

It is considered that DA is critical for acute and initiation for
METH. However, glutamate also plays an important role in depen-
dence after chronic treatment of METH. Therefore, prefrontal gluta-
matergic innervation to the NAc promotes the compulsive behavior
of drug seeking.21

Chronic drug intake leads to the disruption in the release of
glutamate from the PFC to the NAc, which eventually affects glu-
tamate in the NAc, leading to an enhancement in addictive behav-
jor.22 Moreover, increased sensitivity to glutamate in the NAc, and
the increased glutamate release from the PFC to the NAc, mediates
craving, and relapse in response to drug-related cues.?t28 Systemic
administration of an mGIuR group Il agonist inhibits cue-induced and

drug-primed reinstatement of METH seeking.?*
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Acute METH administration induces an increase in DA release
to the NAc and a decrease of GABA, receptor signaling in VTA.2>2¢
This DA release is associated with the experience of reward or eu-
phoria.27 In the NAc, microdialysis studies showed that blockade of
mGIuR group Il increases extracellular glutamate levels, whereas
their activation has the opposite effect.?® Intra-NAc shell adminis-
tration of mGIuR group Il antagonist for 20 minutes induced extra-
cellular DA level increase in the NAc shell.?

Subsequently, immunohistochemistry study in the NAc shell follow-
ing AAV-GFP vector injection in the mPFC exhibited a colocalization
of GFP and DARPP-32 (Figure 2C) which is a confirmation that mPFC
neurons project to the NAc MSN neurons. To note, DARPP-32 is not
only expressed in cell body but also in dendrites.® In another hand, NAc
MSN neurons project to VTA. Many studies showed the involvement
of NAc MSN neurons projecting to VTA in reward behavior by disinhi-
bition of VTA dopaminergic neurons as observed in repeated cocaine
exposure.(313?) Likewise, whole-cell recordings showed that stimulation
of MSN neurons induced strong inhibition on VTA GABA neurons.(*?)

In accordance with previous reports, >
showed that NAc shell projects to VTA (Figure 3A). Optogenetic

studies showed that MSN neurons from the NAc targeted VTA
33,34

our experiments

interneurons.®? One third of VTA neurons are interneurons.
However, no colocalization was found in MSN neurons projections
with VTA interneurons. No colocalization would be resulted from the
nonexpression of most of interneurons in VTA in comparison with
other brain areas or to the nonavailability of a specific interneurons
marker; indeed, DA neurons in VTA also express different interneu-
rons markers, including neuropeptide Y, calretinin, cholecystokinin,
and vasoactive intestinal peptide.(3°~%%) Other markers such as VGAT
and GAD65/67 are also expressed in any type of GABAergic neuron
which is difficult to discriminate local interneurons and MSN pro-
jection terminals in VTA. In fact, VGAT is expressed in GABAergic
terminals and GAD&7 is also expressed in presynaptic clusters. 404

Remarkably, a study showed that neuronal nitric oxide syn-
thase (nNOS) is also another marker of interneurons in VTA. nNOS
was identified as a marker of VTA GABA interneurons that is not
expressed in VTA DA neurons, and putatively expressed in gluta-
matergic projecting neurons, mostly in the rostral linear nucleus
of the raphe (RLi).Y Although, glutamatergic neurons represent
only 2%-3% of total VTA neurons.>® We performed immunohisto-
chemistry of nNOS and DARPP-32 and detected a colocalization of
DARPP-32 and nNOS (Figure 3C). DARPP-32 projection neuron in-
nervation is found in VTA (Figure 3B) and represents the projection
of NAc MSN neurons to VTA. The results suggest that MSN neurons
target GABA interneurons expressing nNOS. Nonetheless, future
studies are needed to determine the involvement of this subset of
interneurons in reward and a histological colocalization of MSN pro-
jection neuron innervation with other subsets of VTA interneurons.

In conclusion, Shati/Nat8| overexpression in the mPFC sup-
pressed METH-induced DA increase in the NAc via mGIuR group
1. Together, mPFC neurons projecting to NAc directly connect with
NAc MSN neurons. In another hand, MSN projections to VTA also
connect directly to nNOS GABAergic interneurons.
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