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Abstract 

Brain metal homeostasis is essential for healthy neurological function, and disturbed brain metal homeostasis has deleterious con- 
sequences for neur odev elopment or cogniti v e outcome following injur y or during disease . Specific re gions of the br ain (e .g. the hip- 
pocampus and subregions within) are known to be enriched with transition metals (i.e. ions of iron, copper, and zinc). Neither the 
physiological need for localized enrichment, nor the mechanisms driving the enrichment, howev er, ar e well understood. In this study 
we have applied a multimodal template , incorpor ating elemental mapping using X-ray fluorescence microscopy with spatial tran- 
scriptomics, to help r ev eal a molecular basis for metallomic heterogeneity across key subregions of the hippocampus. Our results 
r ev eal that significant differences in iron, zinc, and copper enrichment are associated with re gional enric hment of specific transcripts 
related to metal transport, metal storage, and metal r egulator y pr oteins. In addition to pr o viding no vel biological insight into the 
neur ometallomic pr ofile of the hippocampus, this stud y also pro vides an important template for others to inte gr ate tr anscriptomics 
into multimodal workflows investigating the neurometallome. 

Gr aphical abstr act 

 

 

e  

[  

a  

o  

[  

c  

[  

c  

o  

r  

o  

t  

n
 

t
f  

C  

i  

m
s  

b
o  
Introduction 

Brain metal homeostasis is essential for healthy neurological 
function. In particular, both insufficient and excess le v els of iron,
zinc, and copper are associated with adverse effects on neuronal 
de v elopment and surviv al. Ho w e v er, the distribution of these met- 
als across the brain is highly heterogeneous between anatomical 
subregions. In the hippocampus, a r elativ el y high le v el of iron is 
found in the cornu ammonis sector 1 (CA1) pyramidal cell layer 
[ 1 , 2 ], where it has a k e y role in long-term potentiation and mem- 
ory formation [ 3 , 4 ]. Iron deficiency adversely affects neurological 
de v elopment and cognition [ 5 ], while accumulation of excess iron 

may induce o xidati v e str ess, pr otein a ggr egation and neur odegen- 
eration [ 6 ], and constitutes a pathological hallmark of Alzheimer’s 
disease [ 7 ]. Iron deficiency and accumulation may occur concomi- 
tantly, with the process of iron enrichment in certain cells or brain 

r egions potentiall y cr eating deficiency in other r egions or cells, as 
r ecentl y r e vie wed [ 8 ]. The hippocampus also contains a substan- 
tial quantity of zinc lar gel y confined to the mossy fibre layer, a re- 
gion comprised of axons emer ging fr om the dentate granule cells 
of the dentate gyrus (DG), passing through the hilus of the DG,
and entering the stratum lucidum of the cornu ammonis sector 
3 (CA3). Zinc ions bind to an estimated 10% of the proteome for 
p  
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ither structural stability, or as a cofactor for enzymatic activity
 9 ]. In the brain, the majority of zinc is bound to proteins, with
 lo w er pr oportion stor ed as mobile zinc in the syna ptic v esicles
f glutamater gic nerv e terminals to modulate neur otr ansmission
 10 ]. Abnormally high and low le v els of zinc have both been impli-
ated in neur odegener ativ e diseases such as Alzheimer’s disease
 11 ]. Copper is an essential cofactor for proteins involved in mito-
 hondrial function, neur otr ansmitter synthesis and r edox home-
stasis throughout the brain, and is also believed to negatively
 egulate neur ogenesis [ 12 ]. In the de v eloped br ain, high amounts
f copper are therefore found in the subventricular zone (SVZ) of
he later al v entricles [ 13 , 14 ], whic h serv es as the main neur ogenic
iche of the brain. 

Despite the established importance of metal ions to brain func-
ion, in particular to hippocampal function, the molecular basis 
or metal enrichment in specific hippocampal subfields (e .g. C A1,
A3, DG) and surrounding structures (SVZ) is not well character-

zed. It is important to fill this gap, as knowledge of the underlying
olecular mechanisms that result in metal enrichment within 

pecific br ain r egions or cell populations is likely to be a k e y ste p in
oth understanding the pathways through which metal dyshome- 
stasis occurs during neur odegener ativ e disease, and identifying
otentiall y ther a peutic str ategies . T her efor e, we aimed to c har-
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cterize tr anscriptomic pr ofiles associated with differ ential ir on,
inc, and copper enrichment in various subregions of the brain,
articularly the C A1, C A3, and DG of the hippocampus, the cere-
ral cortex (CTX), corpus callosum (CC), and the SVZ of lateral
entricles. As the SVZ is a heterogeneous brain region, our anal-
ses in this study were confined to the ependymal cell layer of
he lateral ventricles, a specialized layer of glial cells (r eferr ed to
erein as the ventricle wall, VW). While traditional approaches
o studying gene expr ession r equir e the extr action of tr anscripts
rom homogenized brain tissue, the regional specialization of the
rain necessitates approaches which conserve anatomical infor-
ation. Spatial transcriptomics allows the simultaneous detec-

ion and quantification of thousands of transcripts while preserv-
ng their spatial context. Ther efor e, we a pplied for the first time
to the best of our knowledge) a multimodal approach combining
irect elemental mapping of brain tissue sections through X-ray
uor escence micr oscopy (XFM) with in situ spatial tr anscriptomics
nalysis of serial sections collected from the same brain samples,
o associate metallomic and transcriptomic profiles within spe-
ific hippocampal subregions . T he results highlight k e y transcrip-
omic signatures relating to metal ion transporters, storage pro-
eins, and metallo-proteins that are enriched in association with
he metal ions themselves. In addition to this fundamental char-
cterization of the neurobiology of the hippocampus, this study
erves as a template for others to adapt multimodal elemental
apping with spatial transcriptomics. 

ethods 

issue collection 

ll animal pr ocedur es wer e a ppr ov ed by the Animal Ethics Com-
ittee at Curtin University under approval number ARE2022-5.
ild-type C57BL6J mice aged 7 months ( n = 5) were maintained

n a standard chow diet with access to water ad libitum and
oused with a 12 h day/night light cycle. Prior to tissue collec-
ion, mice were anaesthetized using isoflurane, and euthanized
 y exsanguination follo w ed b y car diac r emov al. Br ains wer e col-
ected and cut mid-sa gittall y into hemispher es, flash-fr ozen in liq-
id nitrogen-cooled isopentane, and stored at −80 ◦C until section-

ng. Tissue was mounted onto the sectioning c huc k using OCT
edium and cryosectioned at 10 μm, with coronal sections col-

ected dir ectl y onto glass slides for imm unofluor escence and spa-
ial transcriptomics analyses, and onto silicon nitride membranes
or XFM. Tissue sections for spatial transcriptomics were stored at
80 ◦C for 7 days before being thawed and immediately immersion
xed in 10% formalin. 

mmunofluorescence 

he SVZ can be identified by high density of e pend ymal cells pos-
tive for glial fibrillary acidic protein (GFAP) along the lateral VW.
her efor e, GFAP positiv e imm unofluor escence was used to con-
rm the location of the e pend ymal cells in VW in this study. Tis-
ue sections were incubated with Nanostring Blocking Buffer W
NanoString) for 30 min in the dark, follo w ed b y incubation with
n Alexa Fluor 647-conjugated anti-GFAP antibody (1:200 dilution)
nd the nuclear stain CYTO83 (1 μM, Thermo Fisher S11364) for 1
 in the dark, then washed three times with PBS. 

pa tial tr anscriptomics da ta acquisition 

patial transcriptomics was performed using the NanoString Ge-
Mx Digital Spatial Profiler (DSP) (NanoString). Targets were ex-
osed by heat-induced target retrieval (100 ◦C for 15 min) using
ris-EDTA buffer (eBiosciences 00-4956-58), and proteinase K di-
estion (Thermo Fisher AM2548, 0.1 ug/ml final concentration,
7 ◦C for 15 min). Target detection was performed with the whole
r anscriptome atlas fr om NanoString. T he nuclear stain CYT O83
as used for ROI (Region of Interest) selection, with ROIs for

he C A1, C A3, DG, CC, CTX, and VW defined manually based on
natomical structure. It has been established in our past work [ 1 ],
nd the work of others [ 15 , 16 ], that there is variation in metal
ontent within specific hippocampal subr egions, suc h as a promi-
ent lateral to medial trend in Fe content across the CA1 and
A3 pyramidal cell layers. Ther efor e, to try and minimize data
 ariation intr oduced by these tr ends, R OIs w ere k e pt as small as
ossible (while still maintaining sufficient material for signal am-
lification, described below). As the ROIs were drawn by hand, it
hould be noted that there is likely to be a small amount of ‘bleed
hr ough’ fr om adjacent tissue, particularl y for narr o w R OIs, corre-
ponding to neuronal layers (e.g. CA1, CA3, and DG). All ROIs were
etween 30 000 and 50 000 μm 

2 and contained between 200 and
00 cells. Illumina sequencing was performed by the Australian
enome Research Facility, and FastQ files were converted into DCC

Data Coordination Centre) files using the GeoMx Pipeline Soft-
are (NanoString). 
Selection of ROI size is an important consideration for spatial

ranscriptomics, as although the RNA tags can be measured with a
recision defined by the diffraction limit of UV light ( ∼0.2 μm), the
ignal amplification still r equir es a minim um amount of tissue
aterial. The minimum amount of material equates to ∼100 cells,
hich is an effective area of 200 μm × 100 μm (or 20 000 μm 

2 ,
ssuming a single brain cell is ∼20 μm × 10 μm). Due to the high
ost of spatial transcriptomics, we used conservative ROIs of size
0 000 μm 

2 (200 μm × 100 μm) in this study, to avoid loss of data
ue to insufficient cell material for signal amplification. 

pa tial tr anscriptomics da ta processing 

ll initial data processing of spatial transcriptomics data was per-
ormed using the NanoString GeoMx DSP Data Centre analysis
latform. Quality control was performed to r emov e r eads below
he limit of quantitation (LOQ), defined as the negative probe
eomean multiplied by the geometric standard deviation of the
egativ e pr obe . Remaining data abo v e the LOQ wer e normalized
hrough upper quartile (Q3) normalization, and bac kgr ound cor-
ection was performed using negative probe subtraction. 

ifferential gene expression analysis 

ifferential gene expression analysis was performed using the
anoString GeoMx DSP platform. ROIs were annotated by
natomical subregion, and gene expression levels were compared
etween subr egions fr om fiv e mice ( n = 5 biological replicates)
sing a paired t -test, with P -values adjusted through Benjamini-
oc hber g corr ection to contr ol for the false discov ery r ate. Genes
er e consider ed differ entiall y expr essed when adjusted P < .05. At

he time of data collection, two technical replicates were collected
or eac h subr egion, as shown in Fig. 1 . Tec hnical r eplicates wer e
v er a ged together to yield a single value per animal for statistical
nalyses. 

athw ay enric hment analysis 

ll pathway enrichment analyses were performed using R v4.3.1
n RStudio v2023.12.0 + 369. Gene names for differ entiall y ex-
ressed gene (DEG) sets were converted to Entrez IDs through dplyr
1.0.8 and AnnotationDbi v1.56.2 using the Org .Mm.eg .db v3.14.0
us musculus annotation database . Pathwa y enrichment analy-
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Figure 1. Ov ervie w of analysis workflow and spatial transcriptomic comparisons. (a) Schematic of w orkflo w. (b) Re presentati ve cyto83 DNA stain and 
GFAP-imm unofluor escence ima ge with annotations for anatomical subr egions used in spatial tr anscriptomics. gr een: c yto83 DN A stain. blue: 
anti-gfap antibody. (c) Repr esentativ e imm unofluor escence ima ge of GFAP antigenicity (blue) along the VW. (d) Chord dia gr am w eighted b y total 
number of differ entiall y expr essed genes ( P < .05) between subr egions. (e) Number of significantl y ( P < .05) upr egulated, downr egulated, and not 
significantl y differ ent genes between subr egions. 
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sis using Gene Ontology (GO) mapping was performed through 

pathfindR v1.6.3 [ 17 ], using gene set data for Mus musculus from the 
Reactome database [ 18 ]. P -values were adjusted using Benjamini- 
Hoc hber g corr ection, and enric hed pathways with adjusted P < .05 
wer e consider ed statisticall y significant. 

X-ray fluorescence microscopy 

Metal mapping was undertaken using XFM, at the XFM beamline 
of the Australian Synchrotron (Australian Nuclear Science and 

Tec hnology Or ganisation) [ 19 ]. Metal ma ps wer e collected using 
 monoc hr omatic incident beam of 15.8 keV, focused to a 1 μm
1-sigma) spot with a Kirkpatrick–Baez mirror pair, with data col-
ected using a pixel size of 1 μm and a dwell time of 1 ms (X-ray
ux was calculated to be 5.3 × 10 10 photons/s upstream of KB
irrors, and estimated to be 3 × 10 10 photons/s in the focused X-

ay beam spot on the sample). The full X-ray emission spectrum
rom the sample was collected using a 4-element Vortex Si-drift
etector. Elemental foils (Micromatter, Canada) were scanned in 

he same geometry as the samples (backscatter geometry) and 

sed as r efer ences for elemental quantification, as per past pub-
ications [ 1 , 2 ]. 
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Figure 2. XFM elemental mapping showing merged Fe/Cu/Zn overlay, and individual Fe, Zn, and Cu maps in the hippocampus and adjacent regions. 
Physical scale bar = 500 μm. Units for elemental areal density scale are ng cm 

−2 . 
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ma ge pr ocessing 

lemental maps were reconstructed from the emission spectra
sing GeoPIXE v6.6j (Commonwealth Scientific and Industrial Re-
earc h Or ganisation, Austr alia), whic h implements a linear trans-
ormation matrix for spectral deconv olution. Data w ere exported
s TIFF files of quantitative per-pixel elemental area density (ng
m 

−2 ), and the images were then processed in FIJI v2.9.0 using
he native function for outlier removal with a radius of 2.0 pix-
ls and thr eshold v alue of 50. ROIs wer e manuall y selected based
n anatomical subregions, and quantitative data was measured
nd extr acted fr om eac h ROI. Mean concentrations of F e , Zn, and
u measur ed fr om the blank substr ate wer e subtr acted fr om the
ean concentr ation v alues for eac h r eg ion to g ive the final con-

entration of each element. 

ta tistical anal ysis of XFM da ta 

tatistical analyses for quantitative XFM data were performed in
 v4.3.1 using rstatix v0.7.2. For comparison of subregions, elemen-
al data from four mice ( n = 4) wer e anal ysed for eac h ROI using a
ne-way ANOVA with Tuk e y’s post-hoc test. For comparison of the
edial vs lateral CA1, a one-sided t -test was used. There was one

ewer animal replicate in the XFM dataset ( n = 4), compared to
he transcriptomic dataset ( n = 5), due to sample damage during
ransport. 

esults & discussion 

rain subregions exhibit distinct transcriptomic 

nd metallomic profiles 

 m ultimodal a ppr oac h combining spatial tr anscriptomics and
FM elemental mapping was applied to serial sections from the
ame tissue samples, as outlined in Fig. 1 a. Using spatial transcrip-
omics, 10 299 genes were detected above the LOQ. Comparison of
EGs between manually defined subregions for the C A1, C A3, DG,
C, CTX, and VW (Fig. 1 b) r e v ealed distinct tr anscriptomic pr o-
les . T he most extensive differences were between each of the
ippocampal subfields and the CC, with 8246 DEGs in the CA1,
231 DEGs in the CA3, and 8199 DEGs in the DG (Fig. 1 e), suggest-
ng the hippocampus ov er all exhibits a v astl y differ ent tr anscrip-
ome from the CC. Fewer differences were observed when com-
aring the nonhippocampal subregions (e.g. VW and CTX) to the
C (Fig. 1 e). 

Given the significantly different transcriptomic profiles be-
ween hippocampal subfields observed in this study, associated
lemental differences were also expected across the regions anal-
sed. Indeed, qualitative visual inspection of XFM images (Fig. 2 )
emonstrates the trends of metal ion distribution across the
ippocampus subr egions. Specificall y, elemental ma ps indicated
lear enrichment of Fe in the CA1 pyr amidal neur on layer, enric h-
ent of Zn in the ‘mossy fibres’ of the CA3 and DG subfields (tissue

ayer containing syna pses fr om CA3 and DG neurons), and enrich-
ent of Cu in the VW (Fig. 2 ). The specific association between
etal ion content and transcriptomic signatures within individ-

al subfields is described below. 

r anscriptomic signa tures of iron enrichment in 

he CA1 subfield 

uantitativ e anal ysis of XFM data highlighted significantl y higher
e v els of ir on in the CA1 when compared to the CA3, DG, CC, CTX,
nd VW (Fig. 3 a), consistent with a prior XFM study of younger
ice [ 1 ]. Comparing the remaining subregions with each other did

ot r e v eal an y differ ences in ir on concentr ation (Fig. 3 a). The en-
ic hment of ir on in the CA1 is consistent with functional studies
ndicating that iron is required for the development and matu-
ation of CA1 pyramidal neurons [ 20 ], long-term potentiation in
e v eloped CA1 pyr amidal neur ons [ 3 ], and spatial memory acqui-
ition [ 4 ]. 

A transcriptomic basis for iron enrichment in the CA1 was next
nv estigated. Se v er al k e y tr ends wer e observ ed in the expr ession
f genes relating to iron transport and metabolism when com-
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Figure 3. Iron abundance and expression of associated transcripts in the brain: (a) Elemental concentration of iron ± SE in the C A1, C A3, DG, CC, CTX, 
and VW. (b) Significance of pairwise comparisons of iron content by Tuk e y’s post-hoc test are shown between r egions. Differ ential expr ession of genes 
relating to iron homeostasis in the CA1: (c) expression of genes related to iron transport, metabolism and storage. (d) Expression of genes related to 
iron-sulphur cluster assembly. CA1 = cornu ammonis sector 1, CA3 = cornu ammonis sector 3, DG = dentate gyrus, CTX = cortex, CC = corpus 
callosum, VW = ventricle wall. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001; ∗∗∗∗P < .0001. 
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paring the CA1 to the CA3, CC, CTX, DG, and VW (Fig. 3 c). No- 
tabl y, expr ession of Prnp , encoding the prion protein (PrP), was 
consistently higher in the CA1 than in the remaining subregions 
(Fig. 3 c). PrP is a k e y mediator of iron uptak e and transport in the 
brain; in vitro studies indicate PrP increases total cellular iron by 
increasing both the pool of labile iron and iron stored in cytoso- 
lic ferritin [ 21 ], and mice lacking Prnp show a phenotype of rel- 
ativ e ir on deficiency in the br ain [ 22 ]. The upr egulation of Prnp 
in the CA1 observed here suggests that the Prnp protein may be 
a mediator of increased basal iron content in the CA1 subfield.
This finding would be consistent with a past study indicating Prnp 
knoc k out mice contain less brain Fe than corresponding wildtype 
mice [ 23 ]. 

The r emaining ir on tr ansporter pr oteins wer e not conclusiv el y 
shown to be upregulated in the CA1. A slight decrease in CA1 ex- 
pression of Tfrc , encoding the canonical iron uptake transporter,
tr ansferrin r eceptor (TFRC), was observ ed in comparison to the 
CA3. Ho w e v er, the le v el of Tfrc was consistent between the CA1 
nd the DG, CC, and CTX, and slightly higher than that of the VW
Fig. 3 c). Slc40a1 , encoding the iron exporter ferroportin-1 (FPN1),
nd Hamp , encoding hepcidin, a k e y regulator of iron homeostasis,
ere not detected in this study. Expression of Slc11a2 , which en-

odes the metal uptake transporter DMT1, was not significantly
ifferent in the CA1 when compared to the CA3 or DG. This sug-
ests expression of DMT1 le v els ar e r elativ el y consistent acr oss
he hippocampus. Inter estingl y, ho w e v er, le v els of Slc11a2 wer e
igher in the CTX, CC, and VW than in the CA1, which may be
ttributed to other roles of DMT1 in the br ain, suc h as in mat-
r ation of oligodendr ocyte pr ecursor cells and myelination [ 24 ].
MT1 can also transport metals other than F e , such as Mn, Cu,
nd Zn, although with differing affinities [ 25 , 26 ], which may also
ccount for the higher le v els of Slc11a2 in the CTX, CC, and VW
 elativ e to CA1. 

The tr anscriptomic signatur e of the CA1 br oadl y r eflected in-
r eased expr ession of tr anscripts involv ed in r egulating intr acel-
ular iron homeostasis, concordant with increased iron content 
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etected through XFM. In particular, upregulation of both Pcbp1
nd Pcbp2, which encode the iron chaperone proteins PCBP1 and
CBP2, r espectiv el y, was observ ed in the CA1 compar ed to the
C and CTX. Importantl y, PCBP1 deliv ers ir on to ferritin [ 27 ], and
CBP2 facilitates iron trafficking into and out of the cytosol via in-
eractions with DMT1 and FPN1 [ 28 ]. Fbxl5 , which encodes the F
ox and leucine-rich repeat protein 5 (FBXL5), a k e y regulator of

ntr acellular ir on concentr ation [ 29 ], was also upr egulated in the
A1 compared to all other subregions (Fig. 3 a), while Herc2 , encod-

ng the HERC2 protein, was upregulated in the CA1 compared to
he CC, CTX, and VW. HERC2 modulates ir on le v els by regulating
he degradation of the FBXL5 protein. Depletion of Herc2 leads to
ncreased FBXL5 stabilization, which results in decreased intra-
ellular le v els of ir on [ 30 ]. T hus , it is possible that increased Herc2
xpression may lead to a decrease in the protein level of FBXL5,
esulting in iron accumulation. 

Post-tr anscriptionall y, cellular r esponses to ir on ar e lar gel y
ontrolled by the iron regulatory proteins, IRP1 and IRP2, encoded
y Aco2 and Ireb2 , r espectiv el y. Both IRPs bind to iron responsive
lements in the untr anslated r egions of tr anscripts involv ed in
r on homeostasis, r egulating their stability and subsequent tr ans-
ation. IRP2 constitutes the dominant iron regulatory protein in

ammals, and has a k e y role in post-transcriptional regulation
f iron metabolism in the central nervous system [ 31 ]. Here, a
igher le v el of Aco2 was observ ed in the CA1 compar ed to the CA3,
hile Ireb2 was significantly upregulated in the CA1 compared to
ll other subregions except the DG (Fig. 3 b), which may indicate a
igher le v el of ir on r egulatory activity in the CA1. 

T he C A1 did not show incr eased le v els of tr anscripts encoding
r on stor a ge pr oteins . T his is not necessaril y sur prising as ferritin
 egulation occurs post-tr anscriptionall y. Ne v ertheless, Ftl1 , which
ncodes the ferritin light chain protein, was downregulated in the
A1 compared to other brain subregions, while Fth1 , encoding fer-
itin heavy chain, was upregulated in the CA1 only in comparison
o the CTX and DG, and downregulated compared to the CC and
W. T hese findings ma y suggest that iron storage does not occur to
 large extent within CA1 pyramidal neurons, with localized iron
uppl y instead mana ged by surr ounding glial cells suc h as astr o-
ytes, which is consistent with observations of others [ 32 , 33 ], and
arrants further investigation. 
Se v er al tr anscripts r elating to heme biosynthesis and degr a-

ation were also upregulated in the CA1 (Fig. 3 c), including Fech,
ncoding ferr oc helatase, whic h localizes to neur ons and astr o-
ytes [ 34 ], Cpox , encoding copr opor phyrinogen III oxidase; Alad ,
ncoding delta-aminolevulinate dehydratase; and Alas1 , encoding
’-aminolevulinate synthase 1. Interestingly, although perhaps
ot sur prisingl y, marked differ ences in the expr ession of m ulti-
le tr anscripts r elating to ir on-sulphur cluster assembl y wer e ob-
erved in the CA1 region relative to CC, CTX, and VW (Fig. 3 d). 

inc transporters are upregulated in the CA3 and 

entate gyrus 

nalysis of XFM data sho w ed marked enrichment of zinc in both
he CA3 and DG subfields that contain ‘mossy fibres’ [ 35 ], which
r e Zn-enric hed syna ptic terminals fr om CA3 and DG neur ons
axon fr om DG gr anule neur on that forms a synapse with CA3
yr amidal neur on dendrite). Zinc was significantl y mor e abun-
ant in the CA3 when compared to the CA1, CC, CTX, and VW,
hile the DG contained the highest concentration of zinc across
ll subregions, including the CA3 (Fig. 4 a). These findings are con-
istent with elemental mapping studies [ 1 , 36 ] as well as histo-
 hemical ima ging [ 37 ], whic h has shown significant enric hment
f zinc within the mossy fibr es, whic h span the CA3 and DG sub-
elds. 

Similar to F e , tr anscriptomic anal ysis pr o vided a con vincing
olecular explanation for the localized zinc enrichment across

he CA3 and DG hippocampal subfields. In the adult rodent brain,
inc homeostasis is maintained through two major families of
inc transporters: the ZnT family, encoded by Slc30a1 to Slc30a10 ,
nd the ZIP family, encoded by Slc39a1 to Slc39a14 [ 38 ]. Here, tran-
criptomic profiles of zinc transporter expression within the CA3
nd DG were found to differ substantially from the remaining sub-
egions. Both the CA3 and DG sho w ed upregulation of Slc30a10
ompared to the VW, upregulation of Slc39a7 compared to the
TX and CC, and upregulation of Slc39a6 compared to the CA1

Fig. 4 c, d). Further differences specific to the CA3 and DG were
lso observed. The CA3 sho w ed consistent upregulation of Slc39a7
nd Slc30a9 in comparison to all other subregions (Fig. 4 c). Slc39a7
nd Slc30a9 encode ZIP7 and ZnT9, r espectiv el y, whic h ar e essen-
ial for maintaining intracellular zinc homeostasis [ 39 , 40 ]. Addi-
ionally, the CA3 sho w ed higher expression of Slc39a10 when com-
ared to both the CC and the VW. Slc39a10 encodes ZIP10, a k e y
inc transporter highly expressed in the brain and considered es-
ential for neuronal zinc homeostasis [ 41 ]. 

In the DG, significant and consistent upregulation of Slc30a3
nd Slc39a6 was observed in comparison to all other subregions,
ncluding the CA3 (Fig. 4 d). Slc30a3 and Slc39a6 encode the zinc ex-
orter ZnT3 and zinc importer ZIP6.The DG also exhibited higher
xpr ession of se v er al zinc tr ansporters when compar ed to the CC,
pecifically Slc30a6, Slc30a7, Slc39a14 , and Slc39a2 , encoding ZnT6,
nT7, ZIP14, and ZIP2, r espectiv el y. The ZIP pr oteins ar e pr esent on
he plasma membrane [ 42 ], whilst the ZNT proteins are present in
ntr acellular v esicles, including syna ptic v esicles, and r edistribute
inc from cytosol to vesicles [ 43 ], suggesting a molecular basis for
he high abundance of zinc observed in the DG through XFM. 

The increased abundance of Zn and expression of zinc-
 egulatory tr anscripts in the CA3 and DG likely o w es to the high
ensity of Zn-containing synapses localized in these subfields. In-
eed, pathway enric hment anal yses gener all y r eflected the abun-
ance of synaptic terminals in the CA3 and DG (Fig. 5 ). Analysis of
O cellular component terms highlighted pre- and post-synaptic
rc hitectur e among the enriched gene sets (Fig. 5 a), and Biologi-
al Process terms were particularly enriched for synaptic organi-
ation and activity, as well as axonogenesis (Fig. 5 b). 

opper enrichment in the ventricle wall 
ompar ativ e anal yses of br ain subr egions performed her e by XFM

ndicated r elativ el y low le v els of copper in the C A1, C A3, DG, CC,
nd CTX, nearing the limit of detection, but significant enrich-
ent of copper in the VW (Fig. 6 a). These finds are concordant
ith pr e vious elemental ma pping studies showing a high con-

entration of copper at the lateral ventricles in healthy, wild-type
dult mice but not within the hippocampus [ 13 , 14 , 16 ], where cop-
er is belie v ed to regulate neurogenesis [ 23 ]. 

The compar ativ e tr anscriptome of the VW was next explor ed
o analyse a molecular basis for copper enrichment. We were un-
ble to detect the putative copper transporters Ctr1, Atp7a , and
tp7b , or the copper c ha per one pr otein encoded by Ccs , and thus
 e w er e unable to compar e their expr ession between subr egions.
o w e v er, we found the VW had significantly higher le v els of sev-
r al tr anscripts involv ed in cellular copper homeostasis, includ-
ng Commd1 , encoding the COMMD1 copper-induced c ha per one
hich binds the copper transporter ATP7B [ 44 ], and Atox1 , encod-
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Figure 4. Zinc abundance and expression of associated transcripts in the brain. (a) Elemental concentration of zinc ± SE in the C A1, C A3, DG, CC, CTX, 
and VW. (b) Significance of pairwise comparisons by Tuk e y’s post-hoc test are shown between r egions. Differ ential expr ession of tr anscripts encoding 
ZIP and ZnT zinc transporters: (c) differential expression in subregions relative to CA3. (d) Differential expression in subregions relative to DG. CA1 
= cornu ammonis sector 1, CA3 = cornu ammonis sector 3, DG = dentate gyrus, CTX = cortex, CC = corpus callosum, VW = ventricle wall. ∗P < .05; 
∗∗P < .01; ∗∗∗P < .001; ∗∗∗∗P < .0001. 
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ing the ATOX1 copper c ha per one whic h deliv ers cytosolic copper 
to both ATP7A and ATP7B (Fig. 6 b). 

Mt1 , Mt2 , and Mt3 , encoding metallothioneins I, II, and III, re- 
spectiv el y, wer e significantl y upr egulated in the VW compar ed 

to all other subregions (Fig. 6 b). Metallothioneins increase cellu- 
lar resistance to high copper levels through sequestration of cop- 
per ions and regulation of copper transporter expression [ 45 ]. The 
high r elativ e le v els of metallothionein expr ession observ ed her e 
support a k e y role in maintaining the physiological abundance of 
copper at the VW/SVZ. These findings are in strong agreement 
with prior X-ray absorption near edge structure (XANES) spec- 
tr oscopic anal ysis, whic h indicated Cu speciation along the SVZ 

is consistent with metallothionein-bound Cu [ 46 , 14 ]. Glial cells 
(astr ocytes) ar e r eported to pr edominantl y expr ess Mt1 and Mt2 ,
while neurons display greater expression of Mt3 , ho w ever glial 
cells can express Mt3 [ 47 ]. Our results are consistent with these 
r elativ e expr ession pr ofiles of Mt s, with gr eatest le v els of Mt ex- 
ression in the VW observed for Mt1 and Mt2 . The increased ex-
ression of Mt3 in the VW in this study further supports the abil-

ty of glial cells to express Mt3 [ 47 ], and is consistent with stud-
es showing Mt3 expression in the SVZ [ 48 ]. Sod1 , which encodes
he copper/zinc superoxide dismutase (SOD1) protein essential for 
opper homeostasis [ 49 ], also sho w ed consistent upregulation in
he VW compared to all other subregions analysed. 

Sco1 , Sco3 , and Steap2 were upregulated in the VW when com-
ared to all three hippocampal subfields but unchanged in com-
arison to the CC and CTX (Fig. 6 b). Sco1 and Sco2 encode pro-
eins involved in mitochondrial copper metabolism [ 50 , 51 ], while
teap2 encodes the STEAP2 metalloreductase which stimulates 
ellular copper uptake [ 52 ]. 

Markers of neurogenesis were also investigated, and exhibited 

trong and consistent trends in their relative expression between 

ubregions. Both Nes , encoding the intermediate filament protein 

estin, and Pax6 , encoding the transcription factor PAX6, a k e y reg-
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F igure 5. Pathw ay enrichment analyses of DEGs between hippocampal subfields. Enriched pathways were ranked in descending order by adjusted 
P -value and the highest-ranked 10 pathways from each category were shown. (a) Ten most significantly enriched cellular component terms from DEG 

sets between the CA1 and CA3, and the CA1 and DG. (b) Ten most significantly enriched biological process terms from DEG sets between the CA1 and 
CA3, and the CA1 and DG. 
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lator of neur ogenesis, wer e significantl y upr egulated in the VW
ompared to all three hippocampal subfields, but not significantly
ifferent in comparison to the CC and CTX (Fig. 6 c). Although both
he later al v entricles and the hippocampus (specificall y the DG)
onstitute the predominant neurogenic niches of the developed
r ain [ 53 ], our r esults suggest differ ential neur ogenic activity be-
ween these regions at the time point studied (7 months), war-
 anting further inv estigation acr oss ad ditional time points to see
f differences are age-related. Another potential reason for the dif-
erences in neurogenesis markers observed between the VW and
G may be the selection of R OIs, which w as not informed by mark-
rs of neur ogenesis. Mor e specific ROI selection, using markers of
eurogenesis may enable more specific ROIs to be drawn, specif-

cally within the DG, enabling better sensitivity and specificity to
ene expression relating to neurogenesis in that region. 

onclusions 

ere, a molecular basis for metallomic heterogeneity across k e y
ubregions of the brain, specifically the hippocampal subfields
nd surrounding regions, was investigated in situ in tissue sections
or the first time. Using a multimodal approach combining direct



Analysis of metallomic gene expression and metal ion content | 9 

Figure 6. Copper abundance and expression of associated transcripts in the brain: (a) elemental concentration of copper ± SE in the C A1, C A3, DG, CC, 
CTX, and VW. (b) Significance of pairwise comparisons by Tuk e y’s post-hoc test are sho wn betw een r egions. Differ ential expr ession of genes r elating to 
copper homeostasis in the VW. (c, d) Differential expression in VW relative to other subregions analysed. CA1 = cornu ammonis sector 1, CA3 = cornu 
ammonis sector 3, DG = dentate gyrus, CTX = cortex, CC = corpus callosum, VW = ventricle wall. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001; ∗∗∗∗P < .0001. 
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elemental ma pping thr ough XFM and spatial tr anscriptomic anal- 
ysis of serial sections from the same brain samples, significant 
differences in iron, zinc, and copper levels and associated tran- 
scripts were detected across k e y regions of the brain. A major 
finding of this study was the demonstration of iron enrichment 
in the CA1 hippocampal subfield, concordant with a transcrip- 
tomic signatur e br oadl y r eflectiv e of higher iron regulatory ac- 
tivity. In particular, incr eased expr ession of m ultiple tr anscripts 
encoding iron chaperone proteins , IRPs , and proteins involved in 

intr acellular ir on metabolism, wer e observ ed. Like wise, for other 
hippocampal subfields, transcriptomics provided molecular sup- 
port for the observed localized metal enrichment, such as zinc 
enrichment of the CA3 and DG subfields, which was concomi- 
tant with increased expression of zinc transporters ZIP7, ZnT9,
ZnT10 (CA3), and ZIP6 and ZnT3 (DG). Similarly, the VW adjacent 
to the hippocampus is known to be enriched in copper, as also ob- 
served in this study, and transcriptomics revealed an abundance 
of copper-binding proteins (specifically the MTs, MT1-3) in this re- 
gion. A limitation of this study ho w e v er, was the failure to detect 
Ctr1, Cp, Atp7a , and Atp7b , which code for other k e y copper pro- 
eins, as well as the iron exporter, Slc40a1 . We belie v e that the fail-
re to detect the above-mentioned genes does not indicate a true

absence’ but rather more likely the RNA had degraded to levels
elow the minimum detection limits. It is hoped further work can
ontinue to optimise sample pr epar ation and w orkflo ws such that
hese genes can be detected in the future. 

Another limitation of this study is that neither XFM nor tran-
criptomics r e v eal metal ion speciation. Further integr ation of ad-
itional techniques such as XANES spectroscopy, or fluorescent 
ensors of metal ions that are compatible with tissue sections,
a y pro vide in v aluable information on the r elationships between

he labile and protein-bound metal pools and their regulation by
ene expression. 

In summary, this study provides an important template for oth-
rs to integrate transcriptomics into multimodal w orkflo ws inves-
igating the neurometallome of the brain, as well as other tissue
ypes. Ultimatel y, incr eased understanding of the transcriptomic 
asis of the metallome within specific brain cells, and how this
hanges in pathological states, will be vital for understanding the
ole of metal ions in brain function, brain disease, or brain dam-
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ge , and ma y reveal new lines of therapeutic or restorative in-
erv ention. In particular, ther e is substantial interest in the role
f iron in brain function and malfunction during natural ageing
nd neur odegener ation (driv en by either injury or disease), and
he corr elativ e w orkflo w w e hav e outlined pr ovides a ne w anal yt-
cal pipeline thr ough whic h br ain ir on homeostasis ma y be in ves-
igated. 
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