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Cellular/Molecular

CNS Dopamine Transmission Mediated by Noradrenergic
Innervation

Caroline C. Smith! and Robert W. Greene!2
'Department of Psychiatry, University of Texas Southwestern Medical Center, Dallas, Texas 75390, and 2Department of Mental Health, Dallas VA Medical
Center, Dallas, Texas 75216

The presynaptic source of dopamine in the CAl field of dorsal hippocampus is uncertain due to an anatomical mismatch between
dopaminergic terminals and receptors. We show, in an in vitro slice preparation from C57BL/6 male mice, that a dopamine (DA) D1
receptor (D1R)-mediated enhancement in glutamate synaptic transmission occurs following release of endogenous DA with amphet-
amine exposure. It is assumed DA is released from terminals innervating from the ventral tegmental area (VTA) even though DA
transporter (DAT)-positive fibers are absent in hippocampus, a region with abundant D1Rs. It has been suggested this results from a lack
of DAT expression on VTA terminals rather than a lack of these terminals per se. Neither a knockdown of tyrosine hydroxylase (TH)
expression in the VTA by THsiRNA, delivered locally, by adeno-associated viral vector, nor localized pharmacological blockade of DAT to
prevent amphetamine uptake into DA terminals, has any effect on the D1R synaptic, enhancement response to amphetamine. However,
either a decrease in TH expression in the locus ceruleus (LC) or a blockade of the norepinephrine (NE) transporter prevents the DA-
mediated response, indicating LC terminals can release both NE and DA. These findings suggest noradrenergic fibers may be the primary
source of DA release in hippocampus and corresponding DA-mediated increase in synaptic transmission. Accordingly, these data imply
the LC may have a role in DA transmission in the CNS in response to drugs of abuse, and potentially, under physiological conditions.

Introduction
Dopamine D1 receptor (DIR) activation is required for the en-
coding and persistence of episodic memories in hippocampus
(O’Carroll et al., 2006; Bethus et al., 2010) and blockade of D1Rs
in hippocampus prevents reinforcement and state-dependent
learning in addiction (Ricoy and Martinez, 2009; Zarrindast et al.,
2010). On the cellular level, activation of D1Rs in hippocampus is
required for the expression and maintenance of LTP (Huang and
Kandel, 1995; Lemon and Manahan-Vaughan, 2006; Navakkode
etal., 2007), a cellular substrate of learning, via a protein kinase A
(PKA)-dependent process (Otmakhova and Lisman, 1998; Mali-
now et al., 2000). Additionally, D1R activation increases the syn-
aptic expression of AMPA receptors (AMPAR) through PKA
activation (Smith et al., 2005; Gao et al., 2006; Navakkode et al.,
2007), which likely facilitates the observed increase in AMPAR
transmission in hippocampus (Yang, 2000; Gonzalez-Islas and
Hablitz, 2003).

It has been assumed the primary dopaminergic input to hip-
pocampus arises from fibers originating in the ventral tegmental
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area (VTA; Gasbarri et al., 1996, 1997; Lisman and Grace, 2005;
Bethus et al., 2010). While there is evidence that ablation of do-
paminergic afferents originating in the VTA decreases the dopa-
mine content of hippocampus overall (Scatton et al., 1980), this
does not take into account the subregion-specific variations that
encompass the most striking receptor/VTA terminal mis-
matches. The primary input from VTA is to the ventral subregion
of hippocampus with only minimal input to stratum oriens (SO)
of dorsal hippocampus (DH) and none noted for the stratum
radiatum of the DH (Swanson, 1982; Gasbarri et al., 1994, 1997).
This is interesting given that activation of D1Rs in proximity to
CA3-CA1 synapses in DH-stratum radiatum are required for
hippocampal-dependent learning and memory (O’Carroll et al.,
2006; Bethus et al., 2010).

In an attempt to resolve this discrepancy, our attention turned
to the noradrenergic system, as fibers originating in the locus
ceruleus (LC) are the only other source of dopamine (DA) in the
vicinity of DH-D1Rs and are found in abundance in DH (Jones
and Moore, 1977; Engelbrecht et al., 1994; Xu et al., 1998). Elec-
trical and chemical stimulation to the LC increases NE and DA
release in terminating cortical regions (Kawahara et al., 2001;
Devoto et al., 2005a,b; Devoto and Flore, 2006). This demon-
strates that activation of these fibers can increase both NE and DA
in areas of termination, although the specific origin and mecha-
nism of the DA release is unclear. In particular, the possibility of
an indirect, LC-mediated activation (or disinhibition) of VTA or
substantia nigra terminals has not been ruled out. There is evi-
dence that presynaptically released neurotransmitter from one
neuronal phenotype can affect the release of another neurotrans-
mitter from a separate neuronal phenotype. For example, activa-
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tion of presynaptic cholinergic receptors can alter the release of
glutamate (Liet al., 2002), GABA (Seddik et al., 2006) and glycine
(Kiyosawa et al., 2001) in the spinal cord. Nonetheless, these
findings have lead to the speculation that, NE terminals can re-
lease DA, perhaps under conditions where dopamine-f3-
hydroxylase (DBH), located in vesicles of NE terminals, is
saturated (Devoto et al., 2005b), again, with little direct evidence
to support this notion.

Our findings suggest that electrophysiological activation of
DH-D1Rs by amphetamine-induced release of DA, originates in
NE terminals of the LC rather than in VTA terminals.

Materials and Methods

All animal procedures have been approved by the animal care and use
committee at University of Texas Southwestern Medical Center, Dallas,
Texas, and follow guidelines established by the National Institutes of
Health.

In vitro slice preparation. Coronal 300 wm thick slices were cut from 8
to 12 week C57BL/6 mice acquired from Wakeland Laboratories, Uni-
versity of Texas Southwestern Medical Center, Dallas, Texas. Briefly,
animals were anesthetized with 1.5% isoflurane, were rapidly decapitated
and brains were removed. Brains were blocked in the coronal orientation
and cut on a vibratome 1500 in a high sucrose low sodium solution (in
mu): 3 KCl, 2 MgSO,, 2 CaCl,, 24 NaHCOj3, 1.25 NaH,PO,, 10 dextrose
and 254 sucrose. Slices were maintained up to 6 h in artificial CSF (aCSF;
in mMm): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, 25
NaHCO;, and 25 dextrose continuously bubbled with 95% O,/5% CO,.
For slices made for intracellular recordings, 2 mm kynurenic acid (KY)
and 500 um ascorbate was added to cutting solution for slice preparation.
Slices were then stored in the same solution without KY for 20 min and
were transferred to a modified aCSF (in mm): 119 NaCl, 2.5 KCI, 1.0
NaH,PO,, 1.3 MgSO,, 2.5 CaCl,, 26 NaHCO3, and 11 dextrose.

Electrophysiology. Slices were transferred to a submersion recording
chamber and were continuously perfused with the same perfusate used to
store slices. For extracellular recordings a bipolar stimulating electrode
was placed in the SR region of CA1 within 300 wm of a recording elec-
trode made of borisillicate glass (10—15M()) which was pulled using a
horizontal puller (Sutter P-97) and filled with aCSF. The stimulation
amplitude was set to elicit fEPSPs of ~50% of maximal at 0.2 Hz fre-
quency. A 10-20 min baseline recording was first acquired with a vari-
ance of no more than 10%, followed by an amphetamine (AMPH; 10
uM), a SKF-81297 (SKF; D1R agonist; 10 uM) or a norepinephrine (NE;
100 w™m) bath application for 15 min. The experiment was continued for
40 min after drug application. Where indicated, SCH23390 (SCH;
DI1R antagonist; 10 uMm), nisoxetine (NET antagonist; 5 um), or
GBR12935 [DA transporter (DAT) antagonist; 5 uM] was bath ap-
plied. All recordings were performed in the presence of prazosin («
adrenergic antagonist; 10 um), propanolol (8 adrenergic inhibitor; 10
uM) and eticlopride (DA D2 receptor antagonist; 100 nm). Data were
acquired using Igor Pro (Wavemetrics), P-Clamp 9.5 (Molecular De-
vices) or Matlab (Mathworks).

For intracellular recording, an electrode made of borisillicate glass
(5-7MQ)) was pulled using a horizontal puller (Sutter P-97) and was
filled with cs-methanesulfonate pipet solution (mm): 110 CSMeSOs;, 15
CsCl, 8 NaCl,2 EGTA, 10 HEPES, 3 QX-314, 2 ATP and 0.3 GTP adjusted
to 295mOsm and pH 7.3. Whole-cell voltage-clamp recordings were
acquired with the blind-patch technique using a multiclamp 700A am-
plifier (Molecular Devices). Cells were held at —70 mV and stimulation
was set to elicit current responses of 100—250 pA delivered at 0.2 Hz. Data
were acquired using P-Clamp 9.5 software (Molecular Devices).

Surgical procedures for AAV application. Eight-week-old C57BL/6 male
mice were anesthetized with 1.5% isoflurane. A borisillicate glass elec-
trode was pulled using a horizontal pipet puller (Sutter P-97) and filled
with 1 ul of AAV-THsiRNA or AAV-SCR (Hommel et al., 2003; plasmids
of these constructs were a kind gift from Dr. Ralph DiLeone, Yale Uni-
versity School of Medicine, New Haven, Connecticut) according to our
previously used methods (Scammell et al., 2003; Rajji et al., 2006). The
electrode was positioned in the LC or VTA using stereotactic coordinates
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(LGC; AP, —5.45; ML, = 0.9; DV, —3.0; VTA; AP, —3.3; ML, =0.5; DV,
—4.3). Virus was delivered using a picospritzer (Parker) driven by a
master-8 (AMPI) set to deliver 1 ul over 15-20 min, repeated bilaterally.
Animals were permitted to recover for 1 h on a heating pad, treated with
(0.1 mg/kg) Buprenex (2X 12 h interval) and were maintained in the
vivarium up to 30 d.

Immunohistochemistry and confocal microscopy. Animals were per-
fused with 1 X PBS followed by 4% PFA in 1 X PBS. Brains were postfixed
for 60 min, transferred to a 30% sucrose + 1X PBS solution for cryopro-
tection, and were then balanced and cut on a cryostat at 30 um. Free
floating slices were washed 3X in PBS for 10 min, transferred to a H,0,
solution (PBS + 10% methanol + 1.05% H,0,) up to 1 h, washed 3X in
PBS, and blocked for 2 h (10% normal donkey serum + 1X PBS + 1%
Triton X-100). Slices were then treated with primary antibody [rabbit
anti-Tyrosine Hydroxylase (TH), 1:200, Millipore; rat anti-DAT, 1:200,
Millipore; rabbit anti-MAP2, 1:1000, Santa Cruz Biotechnology; goat
anti-D5R, 1:2000, Santa Cruz Biotechnology; chicken anti-GFP, 1:5000,
Aves Laboratories] diluted in blocking solution and stored for 48 h at
4°C. Slices were washed and treated with secondary antibody [donkey
anti-rabbit Alexa fluor 594, 1:200 (LC and VTA) and 1:500 (Hippocampus
and PFC), Invitrogen; donkey anti-rat Alexa fluor 488, 1:1000, Invitro-
gen; donkey anti-goat Alexa fluor 594, 1:1000, Invitrogen; donkey anti-
rabbit DyLight 649, 1:1000, Jackson ImmunoResearch; goat anti-chicken
Alexa fluor 488, 1:200, Invitrogen] diluted in blocking solution for 2 h at
room temperature, washed, mounted, and were then coverslipped with
permafluor (Thermo Scientific). To control for nonspecific binding of
secondary antibody, negative controls were performed. Slices were im-
aged in the z-axis at 5X, 10X, 20X, or 63X using a Zeiss LSM 510 Meta
confocal laser scanning microscope. Images were acquired in 2 uwm steps
at a resolution of 1024 X 1024 using 0.7-1X zoom. TH and DAT-
positive fibers were counted in the z-series at each AP coordinate from
—1.58 to —2.98 for regions indicated in Figure 2. Images in Figure 2 are
the summation of a z-series of images at 20X and 0.7X zoom from a
C57BL/6 mouse. Quantification of DAT staining and TH staining across
specified brain regions from 10-week-old C57BL/6 mice (n = 3) is pro-
vided in the corresponding bar charts. A fiber was considered a structure
at least 20 wm in length and <2 um in width.

TH knockdown quantification. To quantify the percentage of TH
knockdown, tissue was processed as described above (Immunohisto-
chemistry and confocal microscopy). Slices were imaged in the z-axis at
10X using a Zeiss LSM 510 Meta confocal laser scanning microscope.
Images were acquired in 2 yum steps at a resolution of 1024 X 1024 using
0.7-1X zoom. Animals used for imaging had electrophysiological results
that were within the SEM for each group. One to three coronal slices were
selected per animal from at least three animals per group at targeted AP
coordinates of VTA and LC. The fluorescence intensity was measured
bilaterally through the confocal z-series in a fixed region of interest
(drawn consistently for LC or VTA) for each animal using Image]J Soft-
ware (NIH). The fluorescence intensity calculated from AAV-THsiRNA-
injected mice was normalized to the average fluorescence intensity
measured in AAV-SCR-injected mice and is presented as a mean per-
centage = SEM. Care was taken to ensure confocal parameters were
identical between sections and as indicated above comparable regions
were quantified between animals. The extent of TH knockdown was
quantified in tissue from a subset of animals used for electrophysiological
experiments. Animals were excluded from electrophysiology and histol-
ogy if TH knockdown was <20% (it is important to note that there were
no LC-injected AAV-THsiRNA animals showing attenuated amphet-
amine response and <20% histologically verified knockdown but there
were animals showing a normal amphetamine response and <20% his-
tological knockdown that were excluded; n = 2). Images presented in
Figures 3 and 4 are the summation of an acquired z-series at 5X and 0.7 X
zoom from LC (Fig. 3) and from VTA (Fig. 4). The images represent the
mean fluorescence intensity measured for AAV-SCR and AAV-
THsiRNA-injected mice.

To assess the extent to which AAV disseminated through LC and VTA
in the rostral caudal axis, viral diffusion in the medial/lateral axis was
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Figure 1.

Pharmacological and endogenous activation of D1Rs increases glutamate transmission. 4, Plot and representative traces show application of SKF increases glutamate transmission in

extracellular fEPSP recordings, which is blocked by SCH23390 (SCH) treatment (SKF, 159 == 2%; n = 10; SKF + SCH, 104 == 2%; n = 6; p << 0.0001). All voltage traces presented in the right column
are 10 sweep averages baseline (red) and post-treatment (black) of fEPSP evoked responses (50 ms scale bar) and their associated downward slopes (20 ms scale bar). B, Plot and representative
traces show application of AMPH increases glutamate transmission in extracellular fEPSP recordings which is blocked by SCH treatment (AMPH, 132 == 4%; n = 8; AMPH + SCH, 110 == 5%; n =
7;p < 0.003). C, Plot and representative traces show AMPH application increases the total charge transfer in whole-cell voltage-clamp experiments at —70 mV (n = 10). The second excursion is
in response to a 5 mV, 20 ms voltage step (to test input impedence). D, Plot and representative traces show prazosin and propanolol (included in all in vitro recordings) prevent a NE-mediated
alteration in glutamate transmission, indicating NE does not activate DTRs (103 = 6% of baseline; n = 3). Error bars indicate SEM.

measured. These measurements were acquired bilaterally in 1-2 sections
per animal at targeted stereotactic AP coordinates for LC and VTA using
GFP as the reporter, stained as indicated above. Assuming a spherical
diffusion pattern of virus, these measurements were applied to the ros-
tral/caudal axis. Thus, the spread of the virus in the rostral/caudal axis
covered 87.9 * 4.4% of VTA and 72.2 * 10.1% of LC.

Results

Activation of D1Rs increases glutamate transmission, yet
dopaminergic innervation to hippocampus is sparse

To confirm DIR activation increases glutamate transmission in
DH, the DIR agonist SKF-81297 (10 uMm; SKF) was bath applied
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TH-positive staining is observed throughout the CA1 region of hippocampus while DAT-positive staining is sparse. Aa, Ab, Ac, Confocal images acquired using a 20X objective show

dense THfiber staining throughout the CAT region of hippocampus (SP, stratum pyramidale; SO, stratum oriens; SR, stratum radiatum; SLM, stratum lacunosum moleculare), overlying parietal cortex
(PCtx) and alveous (Alv) with DAT staining observed only in PCtx and Alv. Ad, Image shows TH and DAT staining in the PFC region. Bars represent 0.5 mm (20 X magpnification). B, Left, Plot shows
total DAT-positive fiber counts across AP coordinates —1.58 to —2.98 from CA1, CA3, dentate, and subiculum (SUB) with the most dense staining observed in SO region of CA1(S0,9 = 2;SR, 1.7 =
1.2;SLM, 2.3 = 1.9; Dentate, 4.7 = 2.2; (A3, 1.3 £ 0.7; SUB, 3.3 = 0.9; n = 3 mice). B, Right, Coronal sections from AP —1.58 to —2.98. (, Total TH and DAT-positive fiber counts at each AP
coordinate from —1.58 to —2.98 from the SO region of CA1 show TH fibers surpass DAT fiber density by ~100X (TH, 127 = 4fibers; DAT, 1 = 0.3 fibers; p << 0.0001; n = 3 mice). Error bars
indicate SEM. D, Confocal images of CA1 show MAP2 (blue), DAT (green), and dopamine D5 receptors (D5Rs; red) at 20X, 63X, and 63X X 150% (digital) magnification. Bars represent 0.5 mm
(20X magpnification) and 0.15 mm (63 X). Images indicate D5R staining is observed throughout the CA1 region and is localized to sites adjacent to CA1 pyramidal cell dendrites such as postsynaptic

spines while DAT staining is isolated to the overlying cortical region.

for 15 min to acutely prepared hippocampal slices from 8 to 10
week C57BL/6 male mice following acquisition of a 20 min base-
line. Similar to previous results (Yang, 2000; Gonzalez-Islas and
Hablitz, 2003), activation of D1Rs increases glutamate transmis-
sion in extracellular fEPSP recordings, when noradrenergic
transmission is blocked (NE antagonists: prazosin; 10 uM; pro-
panolol; 10 um). Importantly, this increased transmission is pre-
vented by preapplication of the selective DIR antagonist
SCH23390 (10 wm; SCH; SKF, 159 * 2%; SKF + SCH, 104 = 2%);
p < 0.0001; Fig. 1 A) confirming earlier observations (Yang, 2000;
Gonzalez-Islas and Hablitz, 2003).

To assess whether stimulation of endogenous DA release
would similarly increase glutamate transmission, AMPH (10 um)
was bath applied for 15 min and as expected, AMPH increased
glutamate transmission (Fig. 1B). This increase was prevented
with SCH pretreatment as above (AMPH, 132 * 4%; AMPH +
SCH, 110 * 5%; p < 0.003; Mann—Whitney test; Fig. 1 B). These
results are supported by voltage-clamp whole-cell recordings at
—70 mV in which we show that application of AMPH for 15 min
increases synaptic, AMPAR-mediated, total charge transfer (Fig.
1C). It is important to note that AMPH and SKF are not additive

as application of SKF following AMPH does not increase gluta-
mate transmission above that elicited with AMPH treatment
alone, indicating AMPH saturates the evoked glutamate response
following D1R activation (data not shown; post-AMPH,137 *
11%; post-SKF, 143 = 17%; Mann—Whitney test; p = 15 n = 3).

Previous investigators have shown NE can activate DIRs in
immature, but not adult, retinal ganglion neurons (de Mello et
al., 1996). Thus, to test whether NE (100 M) can increase gluta-
mate transmission via D1R activation, NE was bath applied for 15
min in the presence of prazosin (10 um) and propanolol (10 um).
We show NE does not increase glutamate transmission (103 =
6% of baseline; Fig. 1D), demonstrating NE is not a ligand for
D1Rs in adult hippocampal neurons. Collectively, these findings
indicate the AMPH-induced increase in glutamate transmission
is mediated by dopaminergic rather than noradrenergic or sero-
tonergic receptors.

We next quantified the density of dopaminergic fibers in DH.
Using immunohistochemistry and confocal microscopy we
measured the density of TH-positive fibers (indicates norad-
renergic and/or dopaminergic) and the density of fibers which
express DAT (indicates dopaminergic only). As shown in pre-
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sented images and in bar charts we
observe dense TH-positive fiber expres-
sion (rabbit anti-TH; red) in the CA1l
region of hippocampus with DAT-
positive fiber staining (rat anti-DAT;
green) observed primarily in the overly-
ing stratum oriens and parietal cortical
regions (Fig. 2A).

Quantification of DAT-positive fibers
in DH (AP: —1.58 to AP: —2.98) indicates
that the richest DAT-positive staining oc-
curs in the SO region of dorsal CA1 [Fig.
2 B; left; SO, 9 = 2; SR, 1.7 = 1.2; SLM,
2.3 = 1.9; Dentate, 4.7 = 2.2; CA3, 1.3 =
0.7; SUB, 3.3 = 0.9; n = 3; 10-week-old
male C57BL/6 mice]. To compare the
density of TH versus DAT-positive staining
in the CALl field, TH-positive versus DAT-
positive fibers were compared in the SO
subfield across AP coordinates —1.58 to
—2.98. This strategy was used primarily be-
cause SO has the greatest density of DAT-
positive staining while expressing the lowest
TH-positive staining, making it the subre-
gion with the greatest ratio of DAT/TH fiber
density. As indicated, the TH-positive fiber
counts at each AP coordinate quantified far
outweighs the density of DAT-positive fi-
bers by ~100X in SO (TH, 127 = 4 fibers;
DAT, 1 = 0.3 fibers; p < 0.0001; unpaired ¢
test; Fig. 2C).

We next examined the expression of do-
pamine D5 receptors (D5Rs), the predomi-
nant D1R-subtype found in hippocampus
(Meador-Woodruff et al., 1992; Levey et al.,
1993; Laurier et al., 1994; Ciliax et al., 2000)
and observe that D5R expression (goat anti-
D5R; red) is found throughout dorsal CA1
(Fig. 2D). Moreover, at higher magnifica-
tion it is clear the punctuated staining of
D5R is found in close proximity to CAl
pyramidal dendrites stained using rabbit
anti-MAP2 (blue), consistent with their
expression on postsynaptic spines. Collec-
tively, our findings indicate that while do-
paminergic fiber staining of dorsal CA1 is
minimal as indicated by rat anti-DAT
(green) staining, dopaminergic receptors
are widely expressed throughout the CA1
region (Fig. 2D).

Knockdown of TH expression in the LC
prevents the AMPH-induced increase in
glutamate transmission

In both VTA and LC presynaptic termi-
nals, TH catalyzes the formation of DA,
which is then actively transported into
presynaptic vesicles by VMAT2. Unlike
VTA terminals, LC vesicles contain DSH
that rapidly hydroxylates DA to NE. Loss
of TH in either neuronal type prevents the
formation of DA and in LC, and the for-
mation of NE as well.
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Figure 3. Loss of THin the LCis sufficient to prevent the D1-mediated increase in glutamate transmission with AMPH stimu-
lation. 4, Left, Top, Confocal images from an AAV-THsiRNA and an AAV-SCR-injected mouse acquired at 5 represent mean
fluorescence from each group. TH staining is observed in the LC of AAV-SCR-injected mice but is diminished in mice injected with
AAV-THsiRNA. Bubble in left panel removed in Photoshop. Left, Middle, GFP staining shows the precise targeting of virus to the LC.
Left, Bottom, TH staining is observed in the VTA region from mice injected with either AAV-THsiRNA or AAV-SCR in the LC. Bubble
in right panel removed in Photoshop. Scale bar, 0.5 mm. Right, Coronal drawing depicts bilateral location of LC and surgical
targeting adapted from Reference Mouse Brain Atlas: Allen Institute for Brain Sciences. B, Plot shows AMPH increases glutamate
transmission in slices from AAV-SCR-injected but not AAV-THsiRNA-injected mice (THsiRNA, 100 == 4%; n = 10; SCR, 120 == 8%;
n =5;p <0.02). G, Plot shows SKF treatment increases glutamate transmission in slices from AAV-THsiRNA-injected mice
(AAV-THsiRNA SKF, 126 = 8%; n = 5; AMPH vs SKF, p << 0.02). AMPH experiments are replotted for comparison. Error bars
indicate SEM.
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Figure4. Loss of THin VTA does not prevent the D1-mediated increase in glutamate transmission with AMPH stimulation. A,

Left, Confocal images from an AAV-THsiRNA and an AAV-SCR-injected mouse acquired at 5X represent mean fluorescence from
each group. TH staining is observed in the VTA of AAV-SCR-injected mice but is virtually absent in mice injected with AAV-THsiRNA.
Scale bar, 0.5 mm. Right, Coronal drawing depicts bilateral location of VTA and surgical targeting adapted from Reference Mouse
Brain Atlas: Allen Institute for Brain Sciences. B, Plot shows AMPH increases glutamate transmission in slices from both AAV-
THsiRNA and AAV-SCR-injected mice (THSiRNA, 119 == 49%; n = 4; SCR, 120 == 8%; n = 6; p > 0.05). , Plot shows SKF increases
glutamate transmission in slices from AAV-THsiRNA-injected mice (AAV-THsiRNA SKF, 135 == 1%; p > 0.05; n = 4). AMPH is
replotted for comparison. Error bars indicate SEM.
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Figure5.  Activation of NET but not DAT is required for the AMPH-induced increase in gluta-
mate transmission. 4, Plot shows application of the NET inhibitor nisoxetine prevents increase
in glutamate transmission with AMPH (AMPH, 139 == 6%; n = 6; AMPH + Nisoxetine, 103 =
5%; n = 8; p < 0.003). B, Plot shows application of SKF increases glutamate transmission in
the presence of nisoxetine even though prior application of AMPH failed to increase transmis-
sion (AMPH + Nisox, 104 == 2%; SKF, 122 == 6%; n = 6; p << 0.04). , Plot shows application
of the DAT inhibitor GBR12935 does not prevent the AMPH-mediated increase in glutamate
transmission (GBR12935, 128 = 6%; n = 6; AMPH vs AMPH + GBR p > 0.05). Error bars
indicate SEM.

To examine whether TH knockdown in the LC is sufficient to
prevent the DIR-mediated increase in glutamate transmission
with AMPH treatment, C57BL/6 mice were bilaterally injected
with adeno-associated virus (1 wl) driving the expression of
THsiRNA (AAV-THsiRNA) or the control scramble peptide
(AAV-SCR; Hommel et al., 2003) in either the LC or VTA. Ani-
mals were held for 10-30 d in the vivarium before slice prepara-
tion and experimentation. In representative images it is clear that
TH staining is preserved when animals are injected with AAV-
SCR in LC compared with minimal to absent staining following
bilateral AAV-THSsiRNA injection (Fig. 3A; top). To quantify the
extent of knockdown, the percentage fluorescence was calculated.
Slices from AAV-THsiRNA-injected mice had a percentage fluo-
rescence of 43.2 = 7% (n = 10) relative to that measured in slices
from AAV-SCR-injected mice (SCR, 100 = 21%; n = 3; unpaired
ttest; p < 0.01). The precision of injections was examined in two
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ways. Using GFP as the reporter, we examined the diffusion of
virus and quantified the percentage diffusion in the rostral/cau-
dal axis to be 72.2 = 10.1%. (Fig. 3A; middle). Furthermore, TH
staining in the VTA was not different between mice injected with
AAV-THsiRNA or AAV-SCRin LC (Fig. 3A; bottom, left), again,
indicating injections were targeted to LC.

Importantly, AMPH increases glutamate transmission in ex-
tracellular fEPSP recordings in slices from AAV-SCR-injected
mice but fails to elicit a comparable response in slices from AAV-
THsiRNA-injected mice (THsiRNA, 100 % 4%; SCR, 120 = 8%;
Mann—-Whitney test; p < 0.02; Fig. 3B). However, application of
SKEF to slices from AAV-THsiRNA-injected mice increases gluta-
mate transmission (SKF, 126 * 8%; AMPH AAV-THSsiRNA-
injected vs SKF Mann—Whitney test; p < 0.02; Fig. 3C),
suggesting the inability of AMPH treatment to increase gluta-
mate transmission in slices from these mice does not reflect a
deficit in DIR activation.

To confirm the DA released in hippocampus does not come
from dopaminergic fibers originating in the VTA, mice were
injected with either AAV-THsiRNA or AAV-SCR in the VTA.
As shown in Figure 4 A, we observed the percentage fluores-
cence of AAV-THsiRNA-injected mice was 15.4 = 2% (n = 4)
of that measured in slices from AAV-SCR-injected mice (SCR,
100 = 11%; n = 5; unpaired ¢ test; p < 0.0004) As with our LC
injections we also measured the extent of viral diffusion in the
rostral/caudal axis using the GFP reporter and calculated that
the percentage diffusion was 87.9 = 4.4%. As expected, appli-
cation of AMPH increased glutamate transmission in slices
from either VTA, AAV-THsiRNA-injected, or AAV-SCR-
injected mice (THsiRNA, 119 * 4%; SCR, 120 £ 8%; Mann—
Whitney test; p > 0.05; Fig. 4 B). Further, SKF bath application
increased glutamate transmission above baseline (SKF, 135 *
1%; SKF vs AMPH AAV-THsiRNA-injected Mann—Whitney
test; p > 0.05; Fig. 4C). These findings indicate noradrenergic
release of DA is responsible for the DA-mediated increase in
glutamate transmission.

Functional NET but not DAT is required for the AMPH
stimulated increase in glutamate transmission
NET expression is localized to noradrenergic terminals where it
facilitates transport of NE and DA as well as AMPH into presyn-
aptic terminals via a sodium chloride-dependent process (Amara
and Kuhar, 1993; Borgkvist et al., 2011; Ramamoorthy et al.,
2011). This is similar to the active transport of DA via the sero-
tonin transporter (SERT; Larsen et al., 2011). On the other hand,
DAT is expressed exclusively on DA terminals. Therefore, if DA is
released from noradrenergic fibers, then blockade of NET should
prevent the AMPH-induced increase in glutamate transmission.
Treatment of hippocampal slices with nisoxetine (5 umM; NET
inhibitor) prevented the AMPH-mediated increase in glutamate
transmission (AMPH, 139 = 6%; AMPH + Nisox, 103 = 5%;
Mann-Whitney test; p < 0.003; Fig. 5A). This blockade was not
the result of a direct action at D1Rs, as application of SKF in the
presence of nisoxetine 10 min after AMPH application increased
glutamate transmission (AMPH + Nisox, 104 * 2%; SKF, 122 =
6%; Mann—Whitney test; p < 0.04; Fig. 5B), even though AMPH
was unable to induce a comparable response. On the other hand,
treatment of hippocampal slices with GBR12935 (5 uMm; DAT
inhibitor) did not prevent the increase in glutamate transmission
(GBR, 128 * 6%; AMPH vs AMPH + GBR; Mann—Whitney test;
p > 0.05; Fig. 5C). These findings indicate that the increase in
glutamate transmission with AMPH treatment is due to DA ef-
flux through NET, which further supports a requirement for nor-
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adrenergic fibers in the DA-dependent
increase in glutamate transmission.

Discussion

In the dorsal CAl field of the hippocam-
pus, the primary source of DA is found in
LC terminals, and to a far lesser extent
(indicated by fewer fibers), VTA termi-
nals. Under baseline conditions intracel-
lular DA in LC terminals is actively
concentrated into synaptic vesicles by
VMAT?2 via a proton pumping ATPase-
dependent process (Johnson, 1988; Fig.
6), where it is hydroxylated to NE by LC,
vesicular DBH. AMPH, after being trans-
ported intracellularly by either membrane
transporter, NET for LC or DAT for VTA,
prevents the active concentration of DA
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AMPH

into vesicles by disruption of VMAT?2 ac- — —
tivity. In the absence of vesicular concen- LC terminal
tration, DA accumulates, intracellularly, Pyramldal dendrite
in the presynaptic terminal and may then l VMAT2
flux down its concentration gradient into ‘
the extracellular space through the ion ex- n NET
change mechanism of NET (Fig. 6). opA © NAR
We observed that a decrease, on the 0 NE

average, of 56.2 * 7% of TH in LC
neurons is sufficient to prevent the
DI1R-mediated increase in glutamate
transmission induced by AMPH. Impor-
tantly, the loss of dopaminergic input
from VTA has no effect on the magnitude
of the AMPH-induced, D1R-mediated,
increase in glutamate transmission. We
further show that application of AMPH in
the presence of NET but not DAT inhibition replicates these
results, supporting a requirement for noradrenergic input in the
DA-mediated alterations in hippocampal synaptic transmission.
These findings are in direct contrast to previous assumptions that
DIR activation in the CA1 of DH results primarily from DA
released from dopaminergic fibers innervating hippocampus
from the VTA. Evidence does indicate dopaminergic fibers proj-
ect to hippocampus from VTA (Scatton et al., 1980; Gasbarri et
al., 1994, 1997; Fig. 2), but the gross disparity between scarce to
absent dopaminergic fiber density and robust DIR staining in
DH (see Fig. 2 for reference) cannot be ignored. In this study we
present the first data demonstrating direct release of DA from
noradrenergic LC fibers in the CNS. The LC fibers densely inner-
vate the hippocampal formation, and the release of DA from LC
fibers is required for the AMPH-mediated increase in glutamate
transmission.

AMPH can induce VMAT2 dysfunction, at least in part
through reduction of a vesicular pH gradient established by a
proton pumping ATPase (Sulzer and Rayport, 1990). This pro-
ton gradient is coupled to drive VMAT2 substrate-proton ex-
change resulting in vesicular concentration of DA (Schuldiner et
al., 1995), Under baseline conditions, DA is rapidly removed
from the intracellular medium of the LC terminals, and concen-
trated into the vesicles by VMAT2 (Schuldiner et al., 1995). Dis-
ruption of the VMAT?2 concentrating ability by AMPH can result
in an increase in intracellular DA in the LC terminals that may
facilitate reverse transport by NET, down the DA concentra-
tion gradient, to the extracellular space (Fig. 6).

Figure 6.

Under normal conditions, DA is converted into NE via DBH in vesicles of noradrenergic terminals. Following action
potential stimulation substrate is released. DA and NE are transported back into the presynaptic terminal via NET and once
intracellularinto vesicles by VMAT2. In the presence of AMPH (AMPH is transported intracellularly into LC terminals by NET) VMAT2
function is prevented and MAO is blocked. The former action prevents concentration of DA in vesicles where DBH is located,
preventing formation of NE and increasing intracellular concentrations of DA. Inhibition of MAQ prevents the breakdown of DA to
DOPAC, which further increases the intracellular concentration of DA. The increased cytosolic concentration of DA may result in
reverse transport of DA to the extracellular media via NET down its concentration gradient where it interacts with D1Rs.

There is considerable evidence to suggest heterologous trans-
port of DA by the family of membrane monoamine transporters
(Kitayama and Dohi, 1996). Recently, it was shown that the se-
rotonin transporter (SERT) actively transports DA in a faster and
mechanistically distinct manner than serotonin transport
(Larsen et al., 2011). Similarly, NET has a higher affinity for DA
than for NE (Horn, 1973; Devoto and Flore, 2006) with NET
contributing to DA extracellular clearance in hippocampus
(Guiard et al., 2008).

The polarity of the flux of the membrane monoamine trans-
porters can be reversed under certain conditions. The essential
driving force for the transport of substrate into presynaptic ter-
minals by these membrane transporters is the ionic gradient es-
tablished by the sodium-potassium ATPase (Torres et al., 2003).
Alterations in this ionic gradient can disrupt the inward transport
of substrate and promote the reverse transport into the extracel-
lular space (Pifl et al., 1997), as occurs when the concentration of
extracellular sodium and chloride is lowered (Pifl et al., 1997).
Following action potential generation there is a transient rise in
intracellular sodium and chloride which may promote neu-
rotransmitter efflux through monoamine transporters. Evidence
also shows that inhibition of the sodium-potassium ATPase will
increase release of substrate, which is independent of vesicular
release and is blocked by NET antagonists (Schomig et al., 1988).
Therefore, it is possible that monoamine transporters may re-
verse the transport of substrate, including DA from LC terminals,
under physiological conditions, perhaps involving increased pre-
synaptic activity.
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Of further consideration is the role of the noradrenergic sys-
tem as part of both the DA-dependent learning and memory and
reward systems. The AMPH effects observed in this study, suggest
that a DA-mediated tone can originate from noradrenergic ter-
minals, to activate DA receptors. Activation of D1 receptors in
the hippocampus, necessary for hippocampal-dependent learn-
ing and memory (O’Carroll et al., 2006; Bethus et al., 2010),
might then occur only under conditions inducing release of DA
from LC terminals.

A physiological release of DA in the hippocampus by reverse
transport of the NET, might be considered as a potential limiting
factor for the therapeutic use of NET inhibitors in the treatment
of mood related disorders such as depression (Nemeroff and Ow-
ens, 2002) since they would prevent transport of DA in either
direction. Accordingly, agents that directly activate DA receptors
could prove to be rational adjuncts to those resistant to therapy
with NET or SERT inhibitors.

Moreover, it is clear that reinforcement behavior in addiction
requires hippocampal D1R activation, as infusion of DIR antag-
onist into the hippocampus blocks methamphetamine-induced
reinforcement (Ricoy and Martinez, 2009). It is interesting, given
the sparse innervation of dopaminergic fibers in hippocampus,
that our data indicate the noradrenergic system may be the pri-
mary origin of DA-mediated control of hippocampal output in
response to drugs of abuse. Based on our current findings, we
propose the release of DA from noradrenergic fibers in hip-
pocampus is key to learning states and, potentially rewarding
influences as well, in addictive processes and potentially, in
health.
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