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Abstract

NeuroHIV and other neurologic disorders present with altered iron metabolism in central nervous system neurons. Many
people with HIV also use opioids, which can worsen neuroHIV symptoms by further dysregulating neuronal iron metabolism.
Our previous work demonstrated that the p-opioid agonist morphine causes neuronal endolysosomes to release their iron
stores, and neurons respond by upregulating ferritin heavy chain (FHC), an iron storage protein associated with cognitive
impairment in neuroHIV. Here, we investigated if this process required divalent metal transporter 1 (DMT1), a well-known
iron transporter expressed on endolysosomes. We first optimized conditions to detect DMT1 isoforms (DMT1 1B +iron
responsive element) using fluorescently labeled rat DMT]1 constructs expressed in HEK-293 cells. We also expressed these
constructs in primary rat cortical neurons to compare their expression and subcellular distribution with endogenous DMT1
isoforms. We found endogenous DMT1 isoforms in the cytoplasm that colocalized with lysosomal-associated protein 1
(LAMP1), a marker of endolysosomes. Next, we blocked endogenous DMT1 isoforms using ebselen, a potent pharmacologi-
cal inhibitor of DMT1 iron transport. Ebselen pre-treatment blocked morphine’s ability to upregulate FHC protein, suggesting
this pathway requires DMT1 iron transport from endolysosomes. This was further validated using viral-mediated genetic
silencing of DMT1=+IRE in cortical neurons, which also blocked FHC upregulation in the presence of morphine. Overall,
our work demonstrates that the p-opioid agonist morphine utilizes the endolysosomal iron transporter DMT1 to modulate
neuronal cellular iron metabolism, upregulate FHC protein, and contribute to cognitive decline in neuroHIV.
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Introduction (Rouault 2013; Porras and Rouault 2022). Brain iron metabo-

lism has notably been examined in the context of Alzheimer’s

Several neurologic disorders present with dysregulated cellu-
lar iron metabolism in the central nervous system, which can
drive neuroinflammatory processes and disease progression
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(Lane et al. 2018) and Parkinson’s (Mochizuki et al. 2020)
diseases, and more recently in neuroHIV (Pitcher et al. 2014;
Chang et al. 2015; Patton et al. 2017; Fennema-Notestine et al.
2020), a neurologic disorder associated with HIV infection
of select brain cells. Although HIV infection can be well-
controlled by antiretroviral therapies, people living with HIV
often develop mild to moderate cognitive impairment that
can disrupt their daily life (Saylor et al. 2016). Our group and
others have reported that HIV infection and common comor-
bidities like opioid use are associated with dysregulated iron
metabolism in the brain, which could be an important factor
that leads to cognitive impairment in people with HIV (Pitcher
et al. 2014; Nash et al. 2021).

Cellular iron levels are normally tightly controlled by an
elegant iron regulatory system. The system senses labile (free)
iron within the cell and responds by adjusting the translation of
proteins that import, store, and export iron (Singh et al. 2014;
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Gao et al. 2019). Intriguingly, cortical neurons upregulate
the iron storage protein ferritin heavy chain when exposed to
p-opioid agonists (Sengupta et al. 2009; Pitcher et al. 2014).
This occurs through a p-opioid receptor signaling pathway that
increases endolysosome pH and causes these organelles to
release their iron stores into the cytoplasm (Nash et al. 2019).
The pathway can be blocked by chelating endolysosomal iron,
suggesting that p-opioids specifically regulate intracellular
iron stores. Notably, endolysosome iron chelation also blocked
morphine’s ability to reduce cortical dendritic spines (Nash
et al. 2019), which are key mediators of learning and memory
(Nimchinsky et al. 2002). This suggests morphine or other
p-opioid agonists could contribute to cognitive impairment
in people with HIV by dysregulating neuronal iron storage or
metabolism. However, it is still unclear how p-opioid signal-
ing encourages endolysosomes to release their iron stores in
central nervous system neurons.

We started to answer this question by determining if mor-
phine regulates the endolysosomal iron transporter divalent
metal transporter 1 (DMT1). DMT]1, also known as solute
carrier family 11 member 2 (SLC11A2), natural resistance
associated macrophage protein 2 (NRAMP2), and divalent
cation transporter 1 (DCT-1), is a pH-sensitive divalent cat-
ion transporter expressed in most cells (Gunshin et al. 1997,
Yanatori and Kishi 2019). There are four isoforms of DMT1,
characterized by small changes of the 5’ (1A, 1B) and 3’
(+IRE, -IRE) ends of the transporter (Mackenzie et al. 2007).
Only the 1B isoforms are expressed in neurons (Pelizzoni et al.
2012; Skjorringe et al. 2015), which can contain or lack an iron
responsive element (IRE) in the 3’ untranslated region. In this
study, we precisely characterized the expression and subcel-
lular localization of DMT1 1B isoforms in primary rat cortical
neurons and examined if morphine requires the transporter
to increase ferritin heavy chain protein levels in these cells.
We also rigorously tested the specificity of our experimental
approaches using several DMT 1 reporter constructs and inhi-
bition or knockdown strategies. This study provides further
evidence that p-opioids regulate neuronal iron metabolism and
presents a new and improved framework for future studies of
DMT1 in brain cells.

Methods
Animals

This study used E17 Holtzman rat embryos to produce
primary cultures of cortical neurons. We obtained embryos
from time-pregnant dams (HsdHot:Holtzman SD) pur-
chased from Envigo (order code: 003). One experiment
compared primary cortical neurons from Holtzman and
Sprague Dawley E17 embryos, obtained from Sprague
Dawley time-pregnant dams (Hsd:Sprague Dawley SD),
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also purchased from Envigo (order code: 002). Male
F344 rats (F344/NHsd) purchased from Envigo (Order
code: 010) were used to collect frontal cortex homogen-
ates at 6 months old. All animals were kept in Association
for Assessment and Accreditation of Laboratory Animal
Care-accredited university facilities in accordance with the
National Institutes of Health guidelines and institutional
approval by the Institutional Animal Care and Use Com-
mittee (protocol numbers LA-21-613 — renewed 4/1/22,
LA-21-614 —renewed 4/1/22, PHS Animal Welfare Assur-
ance D16-00138). Dams were housed individually, and
male F344 rats were pair housed. Both sets of rats had
uninterrupted access to food and water prior to sacrifice
by CO, inhalation.

Primary Rat Neuronal Cultures

We prepared cultures of primary rat cortical neurons as
described previously (Sengupta et al. 2009) and origi-
nally in (Brewer et al. 1993). Briefly, cortical tissue was
dissected from mixed male and female E17 Holtzman rat
embryos, trypsinized (ThermoFisher 15090046, 0.25%
final concentration) for 15 min in a 37 °C water bath, and
then exposed to DNAse (Sigma-Aldrich D5025, 60 ug/mL)
and triturated to form a single cell suspension. The cell
suspension was mixed with an equal amount of Neuroba-
sal media (ThermoFisher 21103049) containing 2% donor
equine serum (Hyclone SH3007403HI), 2% B-27 supple-
ment 50X (ThermoFisher 17504044), 0.5 mM GlutaMAX
(ThermoFisher 35050061), and 25 uM L-glutamic acid
(Tocris 0218). Cells were counted with a hemocytometer
and plated in 60 mm culture dishes (VWR 25382-188, 1
million cells) or 15 mm glass coverslips (Carolina 633031,
35,000 cells), both pre-coated with poly-L-lysine (Sigma-
Aldrich P1274). After 3—4 h, culture media was changed
to the same Neurobasal medium formula but without donor
equine serum. On the second day in vitro, cytosine p-D-
arabinofuranoside (Sigma-Aldrich C6645) was added to
cultures (1 uM per dish, 0.5 uM per coverslip) to prevent
glial proliferation, and culture medium was replaced every
4 days thereafter with Neurobasal medium containing 2%
B-27 and 0.5 mM GlutaMAX. Neurons were used for
experiments at 12 days in vitro.

Cell Cultures and Transfections

Human embryonic kidney 293 T cells (HEK-293) were pur-
chased from ATCC (CRL-3216), and Lenti-X 293 T cells
were purchased from Takara (632,180). HEK-293 were used
for immunofluorescence, western blot, and qPCR experi-
ments. Lenti-X 293 T cells were used for viral production,
as this subclone is highly transfectable and supports high
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levels of viral expression. The cells were stored, thawed,
and prepared for cell culture according to the manufacturer’s
instructions. Cells were cultured in DMEM containing 10%
fetal bovine serum (Hyclone SH3007003HI) and 50 ug/mL
gentamicin (Life Technologies 15750-060). Upon reaching
confluency, cultures were split and replated at a 1:10 ratio
using trypsin—EDTA 1X (Gibco 25-200-056) and fresh cul-
ture medium. Cells were used for experiments and viral pro-
duction for up to 10 passages. For transfections, cells were
seeded on 12 well plates the day before treatment at 160,000
cells/well. Lipofectamine 2000 (ThermoFisher 11668019)
— DNA complexes (2 pl of Lipofectamine 2000 per trans-
fection) were prepared in OptiMEM (Gibco 31-985-062)
according to manufacturer instructions, incubated for 5 min
at room temperature in the dark, and transferred dropwise
on coverslips. After a 2.5-h incubation at 37 °C, transfec-
tion medium was removed and replaced with fresh medium.

Reagents

Morphine sulfate salt pentahydrate (Sigma-Aldrich M8777)
was dissolved in ultrapure water, passed through 0.2 uM syringe
filters into sterile Eppendorf tubes, and frozen at —20 °C in the
dark until use. Ebselen (Tocris 5245) and ferric ammonium
citrate (Sigma-Aldrich F5879) were prepared fresh for each
experiment according to the manufacturer’s instructions.

Construction of Plasmids and Viral Particles

We obtained a plasmid containing the rat DMT1 sequence
(NCBI Ref seq: AF029757.1) fused to gfp from SinoBio-
logical (RG80867-ACG). The sequence encoding the fusion
protein was amplified and inserted in the 3 generation len-
tiviral transfer vector pUltraHot, a gift from Malcolm Moore
(Addgene plasmid # 24130; http://n2t.net/addgene:24130;
RRID:Addgene_24130), between sites Agel-EcoRI, to gen-
erate UHDMT1(-IRE)g. We followed the same strategy to
generate a DMT1-IRE transfer vector without a gfp tag by
introducing the DMT1-IRE coding sequence in pUltraHot
and named the plasmid UHDMT1(-IRE). To generate the
transfer vector expressing DMT1(+IRE) with C-termi-
nal fluorescent tag, the DMT1 and mCherry fluorescent
protein sequences were amplified with primers sharing a
partially overlapping sequence encoding the VSISKV-
LLSEDTSGGNTK motif in DMT1(+IRE). The two PCR
products were then joined in the lentiviral transfer vector
pUltraHot and named UHDMTI1(+IRE)mC. To obtain
UHDMT1(+IRE), the mCherry sequence was removed as
described above for UHDMT1(-IRE). Plasmids were assem-
bled using the Gibson assembly strategy (NEBuilder HiFi
DNA Assembly Cloning Kit, NEB #E5520, New England
Biolabs). Fragments were amplified with Q5 High-Fidelity
2X Master Mix (NEB #M0492S, New England Biolabs). The

pLKO.1 vector used to introduce shRNAs targeting DMT1
was a gift from Bob Weinberg (Addgene plasmid # 8453;
http://n2t.net/addgene:8453; RRID:Addgene_8453). Target-
ing sequences were selected using the shRNA target design
tool from VectorBuilder (https://en.vectorbuilder.com/tool/
shrna-target-design.html). The four sequences (ShRNA-1:
TGGAGCAGTGGCTGGATTTAA; shRNA-3: GGCAAT
CATTGGTTCTGATAT; shRNA-4: ACTATCATGGCCCTC
ACATTT; shRNA-5: GGAAGTTCGAGAAGCCAATAA)
and the corresponding (-) strands were synthesized with
protruding overhangs generating Agel-EcoRI sticky ends.
Paired oligos were annealed and cloned in the Agel-EcoRI
digested pLKO.1 vector, using the Takara ligation kit version
2.1 (#6022). Restriction enzymes were purchased from New
England Biolabs. Oligos were synthesized by Integrated
DNA Technologies. HEK-293 cells (Lenti-X " 293 T Cell
Line, #632180, Takara) grown on 10 cm dishes were co-
transfected with the appropriate transfer vectors and pack-
aging plasmids pCMVRS8.74 (Addgene plasmid # 22036;
http://n2t.net/addgene:22036; RRID:Addgene_22036)
and pMD2.G (Addgene plasmid # 12259; http://n2t.net/
addgene:12259; RRID:Addgene_12259), both gifts from
Didier Trono. Viral particles released in the media of trans-
fected cells were concentrated through ultracentrifugation
and stored at -80 °C.

Western Blots

Western blots were performed as previously described (Nash
et al. 2019). For total protein extracts, cultured cells were
lysed using a triple detergent buffer with protease inhibitors
(ThermoFisher 1861278), and phosphatase inhibitors (Mil-
lipore 524625). Lysates were centrifuged at 14,000 rpm at
4 °C for 10 min, and resulting supernatants were transferred
to new Eppendorf tubes and supplemented with a 50% glyc-
erol solution (Sigma-Aldrich G6279, 10uL per 50uL protein
lysate) prior to storage at -20 °C.

For cytosolic and nuclear extracts, plasma membranes
were ruptured using a hypotonic buffer solution with
1 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride hydro-
chloride (AEBSF) (Sigma-Aldrich A8456), 5 ug/ml apro-
tinin (Sigma-Aldrich A4529), 5 pg/ml leupeptin (Sigma-
Aldrich L.2884), and 5 pg/ml pepstatin A (Sigma-Aldrich
P5318). Then IGEPAL CA-630 (Sigma-Aldrich 18896
0.05%) was added to each lysate, followed by centrifuga-
tion at 14,000 rpm for 2 min at 4 °C to pellet the nuclear
fraction. The supernatant containing the cytosolic frac-
tion was stored in a new Eppendorf tube, supplemented
with a 50% glycerol solution (Sigma-Aldrich G6279, 10uL
per 50uL of extract), and frozen at -80 °C. The nuclear
fraction in the pellet was lysed using the triple detergent
buffer described above, on ice with vortexing every 10 min
for 45 min. The nuclear lysate was then centrifuged at
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14,000 rpm for 30 min at 4 °C and the supernatant was
transferred to a new tube and supplemented with glycerol
to be stored at -80 °C.

Protein lysate concentration was estimated using a
Pierce bicinchoninic acid assay kit (ThermoFisher 23225)
according to the manufacturer’s instructions. Each West-
ern blot sample contained 30 — 40 ug of protein. Samples
to be probed for DMT1 isoforms were not boiled prior to
gel electrophoresis, whereas all other samples were boiled.
Boiled and unboiled sample preparations were run on dif-
ferent gels, which better identified target proteins. Protein
samples were run on a 12.5% bis-acrylamide gel (to probe
ferritin heavy chain) or an 8% tris-tricine gel (for all other
targets) followed by transfer onto a polyvinylidene fluoride
(PVDF) membrane (Millipore IPVH00010) for immunob-
lotting. PVDF membranes were blocked with NAP-Blocker
(VWR 82022-626) in PBS prior to addition of primary and
secondary antibodies (Table 1). Membranes were exposed to
the Pierce ECL Western Blotting Substrate (ThermoFisher
32106) for densitometry using an Alpha Innotech Fluorchem
IS-8900 gel imaging system. Band densities were quantified
using Fiji version 2.5.0 (RRID:SCR_002285). Membranes
to be probed with additional antibodies were stripped using
a Restore Western Blot Stripping Buffer (ThermoFisher
21059) according to the manufacturer’s instructions.

Immunocytochemistry

Immunocytochemistry was performed as described previ-
ously (Festa et al. 2020). Cells on coverslips were fixed using
a 4% ice-cold paraformaldehyde (PFA) (Electron Microscopy
Sciences 19208) solution for 20 min. The cells were then
permeabilized with 0.1% Triton-X 100 (Sigma T9284) in
PBS, blocked with 5% normal goat serum (Jackson Immu-
noResearch 005-000-121), and then incubated with a primary

Table 1 Antibodies used for Western blots

antibody (Table 2) in blocking solution overnight at 4 °C.
The next day, coverslips were washed with PBS prior to
addition of the secondary antibody (Table 2) in blocking
solution for 30 min at room temperature in the dark. This
process was repeated for additional primary antibodies, as
needed. Next, coverslips were counterstained with Hoechst
(ThermoFisher H3570, 1:10,000 in PBS), washed in dis-
tilled deionized Millipore water, and mounted on microscope
slides using ProLong Gold Antifade Reagent (ThermoFisher
P36930). Mounted coverslips were sealed with nail polish
and stored at -20 °C in the dark until imaging with an Olym-
pus Fluoview FV3000 confocal laser scanning microscope
(RRID:SCR_017015).

Quantitative Real-Time Polymerase Chain Reaction

RNA was collected from cultured cells using a RNeasy
Plus Mini Kit (Qiagen 74134) following the manufac-
turer’s instructions. The purity of the extraction and the
amount of RNA collected were analyzed using a NanoDrop
ND-100 spectrophotometer. Cellular RNA (250 ng) was
used to produce cDNA with Oligo(dT)20 Primer (Ther-
moFisher 18418020), a Deoxynucleotide (ANTP) Solution
Mix (New England BioLabs N0447S) and SuperScript III
Reverse Transcriptase (Invitrogen 18—080-044) accord-
ing to the manufacturer’s instructions. cDNA was stored
at -20 °C until use. For real-time quantitative PCR stud-
ies, TagMan Fast Advanced Master Mix (Applied Biosys-
tems 4444556) was prepared according to the manufac-
turer’s instructions. Primer sequences included rat DMT1
TagMan gene express array (ThermoFisher 4351370, assay
id: Rn01553109_m1), rat GAPDH TagMan gene express
array (ThermoFisher 4351370, assay id: Rn01749022_g1)
and human GAPDH TagMan gene express array (Ther-
moFisher 4331182, assay id: Hs02786624_g1). Master mix

Primary antibody Company and catalog number RRID Dilutions
DMT1+IRE Alpha Diagnostic NRAMP21-A RRID:AB_1620356 1:300
DMT1-IRE Alpha Diagnostic NRAMP23-A RRID:AB_1620359 1:300
GFP (B-2) Santa Cruz Biotechnology sc-9996 RRID:AB_627695 1:1000
mCherry Abcam ab183628 RRID:AB_2650480 1:3000
Ferritin heavy chain (FHC) Cell Signaling Technology 3998S RRID:AB_1903974 1:1000
Actin Sigma-Aldrich A2066 RRID:AB_476693 1:5000
Histone H3 Cell Signaling Technology 9715S RRID:AB_331563 1:1000
GAPDH Cell Signaling Technology 5174S RRID:AB_10622025 1:1000
Secondary antibody Company and catalog number RRID Dilutions
HRP-conjugated goat anti-rabbit IgG Invitrogen 31460 RRID:AB_228341 1:50000
HRP-conjugated goat anti-mouse IgG Pierce 1858413 (Invitrogen 32430) RRID:AB_1185566 1:2000
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Table 2 Antibodies used for immunocytochemistry

Primary antibody Company and catalog number RRID Dilutions
DMTI1+IRE Alpha Diagnostic NRAMP21-A RRID:AB_1620356 1:200
DMTI-IRE Alpha Diagnostic NRAMP23-A RRID:AB_1620359 1:200
LAMP1 Enzo Life Sciences ADI-VAM-ENOO01-D RRID:AB_2038958 1:100
MAP-2 (mouse) Abcam ab11267 RRID:AB_297885 1:500
MAP-2 (chicken) Abcam ab92434 RRID:AB_2138147 1:500
Secondary antibody Company and catalog number RRID Dilutions
Alexa Fluor 647 goat anti-mouse IgG Invitrogen A-21235 RRID:AB_2535804 1:500
Alexa Fluor 488 goat anti-mouse IgG Invitrogen A-11001 RRID:AB_2534069 1:500
Alexa Fluor 568 goat anti-mouse IgG Invitrogen A-11004 RRID:AB_2534072 1:500
Alexa Fluor 488 goat anti-rabbit IgG Invitrogen A-11008 RRID:AB_143165 1:500
Alexa Fluor 568 goat anti-rabbit IgG Invitrogen A-11011 RRID:AB_143157 1:500
Alexa Fluor 647 goat anti-chicken IgG Invitrogen A-32933 RRID:AB_2762845 1:5000

solutions containing primers and cDNA were added to a
MicroAmp Fast 96-well reaction plate 0.1 mL (Applied
Biosystems 4346907), covered with adhesive film (Applied
Biosystems 4306311), and placed in a QuantStudio 7 Flex
Real-Time PCR System (Applied Biosystems 4485701) for
quantitative PCR. Samples were run in triplicate (3 techni-
cal replicates) and data was quantified using the delta-delta
CT method.

Experimental Design and Statistical Analysis

Animals used for ex-vivo and neuronal culture studies were
randomly assigned to groups. Biological replicates use neu-
rons derived from different litters of E17 rats, and technical
replicates use neurons collected from the same litter. All
reported experiments have at least three biological repli-
cates, and the exact N of biological replicates is reported in
the figure legends. Quantitative PCR analyses include three
technical replicates per condition, which were averaged to
one value per condition.

We used Graphpad Prism version 9.1.1 (RRID:SCR_002798)
to generate graphs and analyze the data obtained in this study.
All data are presented as mean + standard error of the mean.
Normally distributed datasets with two independent groups were
analyzed using a two-tailed Student’s t-test, while datasets with
more than two independent groups were analyzed using either
one-way ANOVA and Tukey’s or Dunnett’s post hoc or two-way
ANOVA and Sidak post hoc. Immunofluorescence colocaliza-
tion data was analyzed using the Just Another Colocalization
Plugin (JACoP) in Fiji version 2.5.0 (RRID:SCR_002285)
to generate Pearson’s correlation coefficients. Figure legends
report the statistical tests used for each experiment. Data analy-
ses reached statistical significance at p <0.05, and p values are
reported in figure legends. All raw data is available upon request.

Results
Validation of DMT1 Antibodies

We began by validating antibodies that target either the +IRE
or -IRE isoform of rat DMT]1 using an HEK-293 cell-based
expression system. We transfected HEK-293 cells with con-
structs that expressed either a rat DMT1 isoform alone, an
isoform tagged with a fluorescent protein, or the fluorescent
protein alone, and we used these cells to examine DMT1 +1RE
expression in Western blotting and immunocytochemistry. In
cells transfected with rat DMT1-IRE (+GFP), we observed
strong cytoplasmic staining with the DMT1-IRE antibody that
was absent from cells transfected with GFP alone. DMT1-
IRE staining also overlapped the GFP signal in cells express-
ing GFP-DMT1-IRE (Fig. 1A). In Western blot studies, the
DMT1-IRE and GFP antibodies detected GFP-tagged DMT 1-
IRE at 92 kDa as well as their targeted proteins alone (DMT1-
IRE at 64 kDa and GFP at 27 kDa). The antibodies showed
little to no non-specific signal when their target protein was
absent from a cell lysate (Fig. 1B).

In cells transfected with rat DMT1+IRE (=mCherry), we
observed ample intracellular staining with the DMT1+IRE
antibody, which was absent in cells transfected with mCherry
alone. DMT1+IRE staining also strongly overlapped the
mCherry signal in cells expressing mCherry-DMT1+IRE
(Fig. 1C). In Western blot studies, the DMT1+IRE and
mCherry antibodies detected mCherry-tagged DMT1+IRE
at 92 kDa as well as their targeted proteins alone (mCherry
at 28 kDa, and DMT1+IRE at 64 kDa). As before, both anti-
bodies showed little to no non-specific signal when their tar-
geted protein was absent from a cell lysate (Fig. 1D). There-
fore, DMT1 isoform specific antibodies bind their targeted
proteins as well as GFP/mCherry tagged versions. These
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DMT1(-IRE)
Transfections

GFP-DMT1(-)

DMT1(+IRE)
Transfections

mC-DMT1(+)

Fig. 1 Validation of DMTI1 antibodies. A Confocal micrographs
showing expression of DMTI-IRE in HEK-293 cells transfected
with either GFP (top row), DMTI-IRE (middle row) or a GFP-
tagged DMTI1-IRE (bottom row). Hoechst counterstain shows cell
nuclei. N=3. Scale bar=10 uym. B Western blots showing DMT1-
IRE expression in protein lysates of transfected HEK-293 cells. The
DMTI-IRE antibody (left blot) identified DMT1-IRE alone (64 kDa)
and GFP-DMTI1-IRE (92 kDa), and the GFP antibody (right blot)
identified GFP alone (27 kDa) and GFP-DMTI-IRE (91 kDa).
GAPDH antibody shows protein loading. N=3. C Confocal micro-

studies also confirmed the molecular weight of rat DMT-1
isoforms on the western blot and validated the DMT1 con-
structs for use as positive controls in experiments that exam-
ine endogenous expression of rat DMT1 isoforms.

Endogenous and Exogenous Expression of DMT1
in Rat Cortical Neurons

We next used the validated antibodies to examine endoge-
nous expression of DMT1 isoforms in primary rat cortical
neurons. Cortical neuron cultures showed robust DMT1-
IRE and DMT1+IRE staining that colocalized with the
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graphs showing expression of DMT1+IRE in HEK-293 cells trans-
fected with either mCherry (top row), DMT1+IRE (middle row), or a
mCherry-tagged DMT1+IRE (bottom row). N=3. Scale bar=10 um.
D Western blots showing DMTI1+IRE expression in protein lysates
of transfected HEK-293 cells. The DMTI1+IRE antibody (left blot)
identified DMTI1+IRE alone (64 kDa) and mCherry-DMT1+IRE
(92 kDa), and the mCherry antibody (right blot) identified mCherry
alone (28 kDa) and mCherry-DMT1+IRE (92 kDa). GAPDH anti-
body shows protein loading. N=4

neuronal marker microtubule-associated protein 2 (MAP2)
in the neuronal soma. Indeed, most cultured neurons were
positive for DMT1-IRE or DMT1+IRE staining, as deter-
mined by quantitative analysis of the immunofluorescence
data (Fig. 2A).

We studied endogenous and exogenous expression of
DMT]1 isoforms in this neuronal culture system. Primary rat
cortical neurons were either untouched or transduced with a
DMT1 expression construct or empty vector from Fig. 1, and
we examined DMT1 isoform expression in these conditions
using similar approaches. As expected, neurons transduced
with DMT1-IRE (+GFP) showed robust staining with the
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DMT1-IRE antibody that colocalized with the GFP signal
when present (Fig. 2B). In Western blot studies, the DMT1-
IRE antibody identified endogenous and exogenous DMT1-
IRE at the same molecular weight in addition to the heavier
GFP-tagged version. Probing the blot with a GFP antibody
identified the tagged DMT1-IRE as well as GFP alone in
neurons transduced with these proteins (Fig. 2C). Our com-
panion studies examining DMT1+IRE produced similar
findings. Neurons transduced with DMT1+IRE (+mCherry)
showed robust staining with the DMT1+IRE antibody that
colocalized with the mCherry signal when present (Fig. 2D).
In Western blot studies, the DMT1+IRE antibody identi-
fied endogenous and exogenous DMT1+IRE at the same
molecular weight in addition to the heavier mCherry-tagged
protein. As before, probing the blot with a mCherry anti-
body identified the tagged DMT1+IRE and mCherry alone
in neurons expressing these proteins (Fig. 2E). These studies
demonstrate DMT1 antibodies label endogenous and exog-
enous DMT1 isoforms in immunostaining approaches and at
the expected molecular weight in the Western blot.

We also examined DMT1+IRE mRNA levels in
untouched and transduced cortical neurons as an additional
control for our studies at the protein level. As expected,
transduced neurons showed significantly higher DMT1+IRE
mRNA levels than untouched neurons (Fig. 2F). Interest-
ingly, neurons transduced with the DMT1-IRE construct
expressed about double the amount of transcript as their
DMTI1+IRE transduced counterparts, suggesting that corti-
cal neurons may differentially regulate transcription of each
DMT1 isoform in basal iron conditions.

Finally, we examined the protein level of DMT1 isoforms
in frontal cortex lysates from adult F344 rats. These samples
showed several diffuse bands around the molecular weight
that we observe DMT1 in primary cortical neurons from
Holtzman and Sprague Dawley rats (Fig. 2G), which could
be due to less overall DMT1 in the sample and/or posttrans-
lational modifications of these proteins in vivo (Gruenheid
et al. 1999). Therefore, the DMT1+IRE antibodies can
detect DMT]1 isoforms in several different sample prepara-
tions and experimental approaches.

DMT1 Isoforms Subcellular Localization

Our next goal was to confirm DMT 1 expression on endolys-
osomes of primary rat cortical neurons and examine the
subcellular localization of DMT1 isoforms in these cells
more broadly. To start, we examined DMT]1 isoforms
in cytoplasmic and nuclear extracts of primary neurons
via Western blot (Fig. 3A). DMTI1+IRE isoforms were
expressed in the cytoplasmic extracts, which places them in
the same general compartment as neuronal endolysosomes.
Both isoforms appear to be present in the nuclear extracts

as well. Additional DMT1+IRE bands from these extracts
were located below the expected molecular weight, which
could be due to lack of posttranslational modifications or
nonspecific antibody binding. The extractions were very
pure, with minimal cross-contamination between the cyto-
plasmic marker glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and the nuclear marker histone H3.

Next, we stained primary neurons for a single isoform of
DMT]1 and the endolysosomal marker lysosomal-associated
membrane protein 1 (LAMP1), followed by a counterstain
for cell nuclei (Fig. 3B). As shown in the figure, both DMT1
isoforms colocalized with LAMP1 staining, albeit to a dif-
ferent extent, suggesting that they are expressed on neu-
ronal endolysosomes. This is in line with previous reports
(Tabuchi et al. 2000; Pelizzoni et al. 2012). We used these
immunofluorescence data to quantify the signal colocali-
zation as well as the percent of neurons with colocalized
signals (Fig. 3B). We observed relatively high, but not total
colocalization of DMT1+IRE and LAMP1 throughout these
neurons, and most neurons were positive for colocalized
DMTI1+IRE and LAMPI signals. Therefore, both DMT1
isoforms are well-positioned to transport iron from endolys-
osomal stores to the cytoplasm in primary cortical neurons.

Pharmacological Inhibition of DMT1

We previously showed that long-term morphine exposure
upregulates ferritin heavy chain protein in cortical neurons
(Sengupta et al. 2009; Pitcher et al. 2014) via a process that
releases endolysosomal iron stores into the cytoplasm (Nash
et al. 2019). As DMT1 often facilitates endolysosomal iron
release to the cytoplasm and other organelles (Shawki et al.
2012), we asked if a pharmacological inhibitor of DMT1
could block morphine’s ability to upregulate ferritin heavy
chain. To this end, we used ebselen - a potent inhibitor of
DMT1 that was originally identified in a high-throughput
screen (Wetli et al. 2006) and has since been used in several
studies examining neurons (Howitt et al. 2009; Pelizzoni
et al. 2012; White et al. 2016; Liu et al. 2018). We pre-
treated primary neurons with 10 uM ebselen for 30 m, then
added 1 uM morphine to the ebselen-containing media and
collected cell lysates 24 h later. Additional controls included
vehicle groups for both morphine (distilled deionized H,0)
and ebselen (0.2% DMSO), as well as a positive control of
25 uM ferric ammonium citrate (FAC) since FHC levels
are directly regulated by labile iron (Torti and Torti 2002).
Morphine alone increased FHC protein levels, and this was
completely blocked by pre-treatment with ebselen, suggest-
ing morphine requires DMT1 to upregulate FHC (Fig. 4).
As expected, primary cortical neurons upregulated FHC in
response to ferric ammonium citrate, while the vehicles for
morphine and ebselen had no effect.
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Fig.2 Endogenous and exogenous expression of DMTI1 isoforms
in rat cortical neurons. A Confocal micrographs of primary neurons
stained for endogenous DMTI1-IRE or DMTI1+IRE protein, MAP2
(neuronal marker) and Hoechst (cell nuclei). Scale bar=10 pm.
Quantification of positive cells [%] for DMT]1 isoforms is shown in
the adjacent graph. For each experiment, positive cells were counted
from 20 micrographs and averaged into a single data point. N=3. B
Confocal micrographs showing DMT1-IRE staining in primary neu-
rons transduced with DMTI-IRE constructs. Hoechst counterstain
shows cell nuclei. N=3. Scale bar=10 pm. C Western blots showing
DMTI-IRE expression in transduced primary neurons. The DMT1-
IRE and GFP antibodies identified their target proteins and a high
molecular weight band corresponding to the GFP-tagged DMT1-IRE
fusion protein. GAPDH antibody shows protein loading. N=4, one-
way ANOVA with Dunnett’s post hoc, *p=0.00356, ****p <0.0001.
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D Confocal micrographs showing DMTI1+IRE staining in primary
neurons transduced with DMTI1+IRE constructs. Hoechst counter-
stain shows cell nuclei. N=3. Scale bar=10 um. E Western blots
showing DMT1+IRE expression in transduced primary neurons. Like
in C, the DMT1+IRE and mCherry antibodies identified their target
proteins as well as the higher molecular weight band correspond-
ing to the fusion protein. GAPDH antibody shows protein loading.
N=4, one-way ANOVA with Dunnett’s post hoc, ***p=0.0001,
*p=0.0228. F Quantitative PCR of DMT1+IRE expression in trans-
duced primary neurons. N=3, one-way ANOVA with Dunnett’s post
hoc, *p=0.0438, ***p=0.0002. G Western blots showing endoge-
nous DMT1+IRE expression from frontal cortex lysates of adult rats.
Primary cortical neurons from two different rat strains are included
for comparison. Actin antibody shows protein loading. N=3 adult
rats, one per lane



Journal of Neuroimmune Pharmacology (2023) 18:495-508

503

5 1.25+
& =
e L & [
A g 2 1.00-
NN -
NS a
G S >
70 © |
55 'a
7058 -
“ w .. |DomTI-IRE 2 0.50
55— o
g
35— | — - GAPDH £ 0.25-
-e 202020 |
©
15 Histone H3 4 0.00-

w
x
+l
(Ll
[
2
o
]
3
o
c
[
oo
o
T
c
w

Fig.3 Subcellular localization of endogenous DMT1 isoforms. A
Western blots showing DMTI1+IRE protein levels in cytoplasmic
and nuclear extracts of primary neurons. Extraction controls include
the cytoplasmic protein GAPDH and the nuclear protein histone H3.
Relative expression of DMT1 isoforms is quantified in the adjacent
graph. N=5, two-way ANOVA with Sidak’s post hoc Cytoplas-

Validation of DMT1 Knockdown

Ebselen is a highly effective inhibitor of DMT], but it is rel-
atively non-specific and could alter FHC levels via off-target
anti-inflammatory effects (Santi et al. 2021). Therefore, we
developed a strategy to knock down total DMT1+IRE using
GFP-tagged DMT1 shRNA constructs that target outside
the C-terminal +IRE regions. We tested these constructs in
HEK-293 cells transfected with a rat DMT1-IRE expression
construct from Fig. 1 to determine the most effective sShRNA
construct. Of the four constructs tested, only shlg and sh3g
successfully knocked down DMT1 and strongly expressed
GFP in the co-transfected cells (Fig. 5A). These results were
mirrored in quantitative PCR analyses, where only shlg and
sh3g sharply decreased expression of DMT]1 transcripts in
the co-transfected cells (Fig. 5B).

We moved forward with sh3g for follow-up studies in
primary neurons. As an initial test, we examined DMT1-IRE
staining in neurons transduced with sh3g and the empty vec-
tor (Fig. 6A). Neurons transduced with empty vector showed

O Cytoplasmic
O Nuclear

£ .
g 064
S 1001
£ T v
8= 1 » 804 .
52 0.4 §
%3 5 601
g= 2
] % 40
:E 0.2 g
P X
5 204
2
3 00 T T 0 . T
BN, S
N N
SIS & F
N é«\ «\ $\
o\‘ Q oé Q

mic (+IRE) vs Cytoplasmic (-IRE) p=0.5072, Nuclear (+IRE) vs
Nuclear (-IRE) p=0.9994. B Confocal micrographs of primary neu-
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marker LAMP1, and Hoechst stain for cell nuclei. Scale bar=10 pum.
DMT1 isoforms and LAMP1 colocalization quantified in the adjacent
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Fig.4 Pharmacological inhibition of DMT1. Western blot showing
ferritin heavy chain (FHC) protein levels in primary neurons treated
with either morphine (1 uM, 24 h), ebselen (10 uM, 24.5 h), or pre-
treated with ebselen for 0.5 h followed by morphine treatment as
above. Ferric ammonium citrate (FAC) (25 uM, 24 h) used as a posi-
tive control to increase FHC protein level. Vehicle controls include
ddH20 for morphine and 0.2% DMSO for ebselen. FHC expression
quantified in adjacent graph. GAPDH antibody shows protein load-
ing. N=5, one-way ANOVA with Dunnett’s post hoc, *p=0.0315,
*#E% p<0.001
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Fig.5 Validation of DMT1 knockdown. A Western blots showing pro-
tein levels of DMTI-IRE and GFP in HEK-293 cells co-transfected
with a rat DMT1-IRE construct and one of several GFP-tagged DMT1-
shRNA constructs. GFP-tagged plkol.g used as an empty vector con-
trol for the shRNA constructs. Actin shows protein loading. DMT1-

staining with the DMT1-IRE antibody, but this staining was
completely absent in neurons transduced with sh3g, which
we identified using the GFP signal. Next, we quantified the
sh3g-mediated knockdown in primary neurons using West-
ern blotting and PCR. At the protein level, cultures trans-
duced with sh3g had significantly less DMT1-IRE than
those transduced with the control empty vector or exogenous
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Fig.6 Knockdown of endogenous DMT1+IRE in primary neurons.
A Confocal micrographs showing DMT1-IRE staining in primary
neurons transduced with knockdown construct (GFP-sh3DMT) tar-
geting DMT1+IRE and empty vector (GFP-plko.1). N=3. Scale
bar=10 pm. B Western blots showing DMT1-IRE and GFP protein
levels in primary neurons transduced with DMT1(-IRE) overexpres-
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tive PCR analysis of DMT1-IRE expression in HEK-293 cells trans-
fected with the same constructs as in A. N=3, one-way ANOVA with
Dunnett’s post hoc, **** p <0.001

DMTI1-IRE (Fig. 6B). These results were mirrored at the
mRNA level, where sh3g transduced cultures showed a 90%
reduction of total DMT1+IRE transcripts compared to those
transduced with the control empty vector (Fig. 6C). These
results show that sh3g is an effective tool to knock down
endogenous and exogenous DMT1+IRE in primary corti-
cal neurons.
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sion, GFP-DMT1(-IRE) overexpression, empty vector (GFP-plko.1)
and knockdown construct (GFP-sh3DMT) targeting DMT1 +IRE.
GAPDH shows protein loading. N =5, unpaired Student’s t-test, ***%*
p<0.001. C Quantitative PCR showing DMT1+IRE gene expression
in primary neurons transduced with the same constructs as in A and
B. N=3, unpaired Student’s t-test, **** p <0.001



Journal of Neuroimmune Pharmacology (2023) 18:495-508

505

H
1

w
1

FHC (fold increase)
- N

25
s el B - FHC
4 (21KDa)

Fig.7 Morphine requires DMT1 to upregulate FHC in cortical neu-
rons. Western blots showing FHC from primary neurons. Positive
control includes ferric ammonium citrate (FAC), which upregulates
FHC. The sh3g construct is controlled by the empty vector plkolg
group. GAPDH used as a loading control. FHC expression quantified
in adjacent graph. N=5, one-way ANOVA with Dunnett’s post hoc,
*#%p=0.0003, * p=0.0465

Morphine Requires DMT1 to Upregulate Ferritin
Heavy Chain in Cortical Neurons

Finally, we examined if morphine could still upregulate
FHC protein in primary neurons transduced with the sh3g
construct. At 6 days in vitro, we transduced cultures with
constructs containing either sh3g or the control empty vector
pLKO.1 g, which allowed the constructs ample time to be
expressed before treatments. At 11 days in vitro, we treated
the cultures with either 1 uM morphine or 25 pM FAC as
a positive control to upregulate FHC, and we lysed the cul-
tures 24 h later. In non transduced control cultures, morphine
and FAC alone upregulated FHC protein levels as expected.
However, morphine failed to upregulate FHC in sh3g trans-
duced cultures, demonstrating that DMT 1 is required for this
process (Fig. 7). Together with our previous studies demon-
strating that p-opioid signaling releases endolysosomal iron
stores to the cytoplasm and upregulates ferritin proteins in
cortical neurons (Nash et al. 2019), these studies show that
p-opioid receptors recruit the endolysosomal iron transporter
DMT1 to control neuronal iron metabolism and drive later
upregulation of ferritin heavy chain.

Discussion

Several recent studies suggest that opioid signaling may con-
tribute to structural and functional deficits in central nervous
system neurons by modulating neuronal iron metabolism, as
reviewed in (Nash et al. 2021). We built from this founda-
tion to better understand the molecular players involved and
identified the endolysosomal iron transporter DMT1 as a
key component of this process. Here, we discuss the DMT1

isoforms most likely involved in morphine’s regulation
of iron homeostasis in neurons, how opioid regulation of
DMT1 might manifest in molecular and cellular pathways,
and how our results might fit more broadly into endolysoso-
mal pathophysiology and relevant neurologic diseases.
DMT]1 isoforms have a similar ability to transport iron
(Mackenzie et al. 2007) but are often located in different
cellular regions. For example, studies in non-neuronal cells
report that DMT1B-IRE isoforms are enriched in recycling
endosomes near the plasma membrane, while DMT1B+IRE
is located either on the cell membrane or on endolysosomes
near the nucleus (Tabuchi et al. 2002; Lam-Yuk-Tseung and
Gros 2006). Likewise, a study in rat hippocampal neurons
reported robust expression of DMT1B+IRE that colocalized
with LAMPI1-expressing endolysosomes and not markers
of early endosomes (Pelizzoni et al. 2012). These findings
position DMT1-IRE to regulate transferrin-mediated iron
uptake (Gammella et al. 2017), and DMT1+IRE to regulate
iron stores from the breakdown of cellular machinery in lys-
osomes. In this context, our results suggest that morphine
can regulate DMT1+IRE on LAMPI1 expressing endolys-
osomes, since morphine significantly reduces iron content
in these organelles and adjacent compartments upregulate
FHC protein at later timepoints (Nash et al. 2019). However,
morphine also modestly increased FHC levels in more distal
processes of the same neurons (Nash et al. 2019), suggesting
that it may also regulate DMT1-IRE on recycling endosomes.
Thus, morphine and other p-opioid agonists may regulate
iron efflux from both pools of endolysosomes via DMT]1.
Since opioid receptor signaling drives iron release from
endolysosomes (Nash et al. 2019; Halcrow et al. 2022a),
downstream opioid signaling events may directly regu-
late DMT1 isoforms in cortical neurons. In this case, one
of the most likely mechanisms involves p-opioid receptor
activation of nitric oxide synthase proteins (Rodriguez-
Munoz and Garzon 2013). Nitric oxide molecules can
directly s-nitrosylate several residues on DMT1, which sig-
nificantly increases iron flux through the transporter (Liu
et al. 2018). Nitric oxide can also nitrosylate other proteins
that interact with and regulate DMT1, including the small
GTPase dexrasl (Cheah et al. 2006). Nitrosylated dexrasl
complexes with DMT1 via the scaffold protein acyl-CoA
binding domain 3 (ACBD3), which promotes iron efflux
from lysosomal stores through the transporter (White et al.
2016). However, these downstream pathways may be limited
to neurons that express p-opioid receptors. Several studies
report strong receptor expression in cortical GABAergic
interneurons (Taki et al. 2000; Ferezou et al. 2007), while
others report lower expression in some excitatory neurons
(Schmidt et al. 2003), often localized to excitatory synapses
(Liao et al. 2005). This suggests that morphine may directly
regulate DMT1 isoforms in both excitatory and inhibitory
cortical neurons, though inhibitory neurons are likely to be
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more susceptible. These pathways must still be validated in
cortical neurons.

Interestingly, opioids may also regulate endolysosomal
iron stores by increasing the activity of local neuronal net-
works. p-opioid agonists typically suppress firing from cor-
tical GABAergic interneurons, which can disinhibit local
excitatory neurons (Zieglgansberger et al. 1979; Vaughan
et al. 1997; Jiang et al. 2021). Additionally, morphine can
cause p-opioid receptor expressing astrocytes to release
glutamate onto nearby neurons, further exciting the local
network (Nam et al. 2021). This increased network activ-
ity causes excitatory neurons to release endolysosomal iron
stores to the cytoplasm via DMT1, and the newly freed
iron can dampen excitability in hippocampal neurons via a
process that suppresses NMDA receptor signaling (White
et al. 2016). In this scenario, morphine could regulate iron
metabolism in neurons that do not express p-opioid receptors
through its effects on local network activity. It is also pos-
sible that these molecular and cellular-level pathways could
occur simultaneously, resulting in a widespread dysregula-
tion or modulation of neuronal iron metabolism.

Morphine requires DMT]1 to upregulate neuronal FHC, but
we cannot exclude that opioid signaling regulates neuronal
iron metabolism in other ways via additional endolysosomal
conduits like two-pore channels (Halcrow et al. 2022a) and
TRPML1 (Grimm et al. 2012). In a broader sense, there is a
wide variety of endolysosomal proteins, channels, and trans-
porters that work together to achieve iron storage, release, and
homeostasis via different mechanisms (Ballabio and Boni-
facino 2020). For example, morphine increases the pH of
neuronal endolysosomes while these organelles export iron
to the cytoplasm (Nash et al. 2019; Halcrow et al. 2022a),
which is likely caused by DMT1’s proton-coupled transport
of iron (Gunshin et al. 1997; Mackenzie et al. 2007). How-
ever, endolysosomal pH could also be regulated through other
channels and transporters. Further, endolysosomal pH can be
increased by other disease-relevant stimuli like select HIV
proteins (Halcrow et al. 2022b, c¢), which highlights a poten-
tial point of convergence between distinct HIV- and opioid-
related pathways. To add to this complexity, endolysosomes
interact with other cellular components and participate in
inter-organellar signaling networks that may also regulate
endolysosomal iron storage and release to other organelles
(Afghah et al. 2020). Therefore, it is possible that these lay-
ers of regulation and cellular communications systems could
be dysregulated by morphine and other p-opioid agonists, in
addition to drivers of neurologic disorders like HIV proteins,
neuroinflammation, and neurotoxic amyloid proteins.

Our work demonstrates that morphine requires the
endolysosomal iron transporter DMT]1 to regulate neu-
ronal iron metabolism, which may drive neuronal deficits
associated with cognitive impairment in several neurologic

@ Springer

disorders. We also report a new set of molecular tools
designed to improve the methodology for studying DMT1
isoforms in the future. These findings and tools could be
used to identify new drug targets for conditions related
to neuroHIV, opioid use disorders, and other neurologic
disorders that present with dysregulated iron metabolism.
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