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ABSTRACT: While decades of technical and analytical advancements
have been utilized to discover novel lipid species, increase speciation,
and evaluate localized lipid dysregulation at subtissue, cellular, and
subcellular levels, many challenges still exist. One limitation is that the
acquisition of both in-depth spatial information and comprehensive
lipid speciation is extremely difficult, especially when biological material
is limited or lipids are at low abundance. In neuroscience, for example, it
is often desired to focus on only one brain region or subregion, which
can be well under a square millimeter for rodents. Herein, we evaluate a
micropunch histology method where cortical brain tissue at 2.0, 1.25,
1.0, 0.75, 0.5, and 0.25 mm diameter sizes and 1 mm depth was
collected and analyzed with multidimensional liquid chromatography,
ion mobility spectrometry, collision induced dissociation, and mass spectrometry (LC-IMS-CID-MS) measurements. Lipid
extraction was optimized for the small sample sizes, and assessment of lipidome coverage for the 2.0 to 0.25 mm diameter sizes
showed a decline from 304 to 198 lipid identifications as validated by all 4 analysis dimensions (∼35% loss in coverage for ∼88% less
tissue). While losses were observed, the ∼200 lipids and estimated 4630 neurons contained within the 0.25 punch still provided in-
depth characterization of the small tissue region. Furthermore, while localization routinely achieved by mass spectrometry imaging
(MSI) and single cell analyses is greater, this diameter is sufficiently small to isolate subcortical, hypothalamic, and other brain
regions in adult rats, thereby increasing the coverage of lipids within relevant spatial windows without sacrificing speciation.
Therefore, micropunch histology enables in-depth, region-specific lipid evaluations, an approach that will prove beneficial to a variety
of lipidomic applications.
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■ INTRODUCTION

Lipids represent a family of hydrophobic and amphipathic
biomolecules that include fats, membrane lipids, signaling
molecules, and hormone precursors.1 The structural diversity
of lipids provides flexible utility in a myriad of biological
processes and region-specific expression across various tissue
and cell types that is still being discovered. To date, more than
44 000 entries exist in the LIPID MAPS database with
computational projections suggesting that 180 000 unique
species comprise the entire lipidome.2−4 Analytically, annota-
tion of the 180 000 estimated lipids within the lipidome is a
momentous challenge.2 Mass spectrometry (MS) is a vastly
popular method routinely implemented as a stand-alone, high-
throughput means of assessing lipid perturbations through
shotgun lipidomics.5 However, the prevalence of isomeric
species, discrepancies of ionization efficiency across distinct
lipid classes, and dynamic range differences in lipid abundance
within an organism deters the depth of lipidome annotation
capable solely using MS. Liquid chromatography and ion
mobility spectrometry in conjunction with MS (LC-IMS-MS)
offer orthogonal dimensions of separation that mitigate the

deconvolution of some overlapping signals for improved
lipidome coverage and heightened identification confidence.6,7

Additional methodologies for enhancing lipid separation have
facilitated the differentiation of double bond and fatty acyl
position isomers that heighten mechanistic insight at the cost
of manual annotation.8 As such, comprehensive lipidomics is
still predominantly composed of LC-MS/MS workflows with
the objective of providing vast lipidome coverage and detailed
information on the structural moieties comprising individual
lipid species. The recent discovery of novel lipid classes such as
resolvins and neurofurans demonstrates the continued
expansion of the annotated lipidome from LC-MS/MS.9,10

These LC-MS/MS analyses, however, largely focus on
homogenized tissue or serum and plasma samples, limiting
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analysis of localized lipid dysregulation across heterogeneous
tissue. The brain, for example, is a complex organ with distinct
functions across small anatomical regions.11,12 In adult rodents,
the cortical region, which is responsible for information
processing, has distinct subregions for visual, auditory, and
motor functions with tissue volumes below 5 mm3.13 Thus,
other MS applications have emphasized the investigation of
localized lipid dysregulation across complex tissue types.
Mass spectrometry imaging (MSI) has prioritized the

investigation of localized dysregulation via the ablation of
tissue that is then topographically mapped to structural defined
areas.14 Decades of MSI advancements have enhanced the
spatial resolution of these applications to achieve pixel sizes as
small as 1−5 μm, providing detailed localization of individual
lipid species in tissues of an area equivalent to a singular
cell.15−17 The biggest caveat of MSI, however, is that
localization often supersedes detailed speciation. For example,
the lacking compatibility of imaging with sample preparation
and front-end separations increases ambiguity in structural
characterization, and the misalignment of MS and MS/MS
spectra also challenges the parallel acquisition of both
precursor and product ions for analyte identification.14,18 To
overcome the speciation challenges of traditional MSI, some
researchers have adopted IMS for increasing identification
confidence.19,20 Nonetheless, most imaging workflows con-
tinue to rely on mass as the sole descriptor for making lipid
identifications. The momentum of elucidating differences in
localized lipid expression has further carried over to single cell
research. Thus far, the emphasis of cell−cell heterogeneity
within lipids has elucidated subclasses of neuronal and
astrocyte cerebellar cells and genetic knockout and wild-type
neurons.21−23 However, the limited sampling material for both
single cell and imaging workflows significantly impedes robust
lipidome coverage. Single cell lipidomics average 37 abun-
dantly expressed lipids for each cell, a figure approximately 10
times less than that of shotgun and comprehensive work-
flows.21,22 From a practicality standpoint, single cell MS of the
estimated 332 million cells in an adult rat brain is further
complicated by the heterogeneous nature of biological tissue
that impedes cell isolation in addition to throughput and data
analysis.24 Thus, it is clear that lipidomic experimental design
often requires the sacrifice of either coverage or spatial
information despite both factors providing meaningful insight
into biology. However, interrogating lipid speciation and
localized dysregulation across an organism’s lipidome can
facilitate biological knowledge of lipid dysregulation (Figure
1). Herein, we utilize LC-IMS-CID-MS (CID: collision
induced dissociation) lipidomic analyses to investigate
histological brain punches across 2.0 to 0.25 mm diameters
and all at 1 mm depth. These multidimensional analyses
provided increased lipid identification confidence, localization,
and lipid speciation information. Additionally, we evaluated
and optimized different lipid extraction methods for enhancing
identifications with limited starting material.

■ METHODS

Animal Care and Tissue Extraction
Brain micropunches were collected from three flash frozen, adult
Wistar male rat brains at 2.0, 1.25, 1.0, 0.75, 0.5, and 0.25 mm
diameters, using an approach routinely performed in neuroscience for
over 30 years.25,26 All punches were 1 mm in depth and were matched
by cortical location for all animals. Animals (n = 3) were obtained
from an existing colony housed in humidity- and temperature-

controlled rooms at 22 °C and 30% average humidity, each with 12 h/
12 h light/dark cycles (lights on at 6AM EST), following the
Assessment and Accreditation of Laboratory Animal Care (AAALAC)
approved Biological Resource Facility at NC State. Animal care,
maintenance, and experimental protocols met the standards of the
Animal Welfare Act and the U.S. Department of Health and Human
Services “Guide for the Care and use of Laboratory Animals” and
were approved by the NC State Institutional Animal Care and Use
Committee (IACUC). The male rats were anesthetized with an
overdose of CO2 and then rapidly decapitated, and the brain was
immediately removed, flash frozen on powdered dry ice, and stored at
−80 °C until punch collection. Consistent with prior, similar work in
the Patisaul lab, the brains were coronally cryosectioned until the
anterior cingulate was exposed (approximately Bregma 1 mm).26,27

One punch of each size was obtained from the cortex of each animal
to yield a total of 3 punches per size. All punches were representative
of the full cortical area which is largely homogeneous in terms of cell
density. The punches were collected in SafeSeal Microcentrifuge
tubes (Sorenson BioScience, Inc.) and transferred on dry ice to the
Baker lab for analysis. Approximate neuron count was determined
from the tissue volume and the average count of 92 600 neurons/mm3

of cortex tissue (eq 1).28

neuron count 92 600
neurons

mm
volume (mm )3

3= ×
(1)

This equation illustrated an approximate neuron count range of
4630−291 000 across the 0.25 and 2.0 mm brain punches. While
other cells such as astrocytes and glia exist in the cortex, for simplicity,
only neuron numbers were estimated as these predominate the
cortical region by approximately 2:1.28

Lipid Extraction
Lipid extraction performance was assessed through three facets: (i)
effect of a 1 h incubation following organic phase addition, (ii)
comparison of chloroform (CHCl3) and methyl tert-butyl ether
(MTBE), and (iii) reduced solvent volumes. For simplicity, the five
extractions are referenced as Method 1 (M1), modified Folch;29,30

Method 2 (M2), modified Folch with wait time; Method 3 (M3),
modified Folch with wait time and reduced volume; Method 4 (M4),
modified Matyash31 with wait time; Method 5 (M5), modified
Matyash with wait time and reduced volume. Detailed aliquot
volumes and wait times for each extraction are provided in (Table 1).
For reduced volume extractions (M3 and M5), the organic/H2O/
MeOH ratios of the Folch30 and Matyash31 extractions were kept
constant relative to the original procedures which were previously

Figure 1. Lipidomic evaluations often create a trade-off between
lipidome coverage and spatial information on lipid changes.
Comprehensive LC-MS/MS workflows prioritize coverage, while
single cell and imaging workflows favor detailed spatial information.
Histology punches offer a means of achieving biologically relevant
spatial information without significantly sacrificing speciation and
coverage.
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optimized for lipid extraction.32,33 Triplicate samples for each punch
size were separately extracted and analyzed for a total of 90 samples
(triplicate analysis of 5 extractions having 6 punch sizes and n = 3 for
all 6 punch sizes assessed using M1).
Modified Folch29,30 extraction method (M1−M3) samples were

homogenized with the first aliquot of −20 °C methanol (M1 and
M2:750 μL, M3:200 μL) in 2.0 mL, 2.4 mm tungsten-carbine bead
tubes for 5 min with a Fisherbrand 24 bead mill. Another aliquot of
methanol was added following sample transfer to glass vials with a
Teflon-lined cap (M1 and M2) or 1.7 mL Sorenson BioScience tubes
(M3) (Salt Lake City, UT).30 Chloroform was subsequently added at
a 2:1 ratio to total methanol. M2 and M3 samples were incubated for
1 h at room temperature prior to continuing the extraction procedure.
Afterward, samples underwent a 30 s vortexing step before and after
30 min of sonication at room temperature. Samples were then left to
incubate at 4 °C for 1 h following the addition of the first water
aliquot (M1 and M2: 200 μL, M3: 51 μL). The second aliquot of
water was added prior to centrifugation at 1000g for 10 min. Then
200 μL of the lower organic phase was dried via speedvac and
subsequently reconstituted in 10 μL of CHCl3 and 190 μL of MeOH
for MS analysis.
The MTBE extraction protocol was adopted from Matyash et al.31

for the M4 and M5 extractions. Samples were initially homogenized
using identical bead homogenizer settings as above with a 200 μL
aliquot of water with 0.1% ammonium acetate. Methanol was added
to homogenized tissue, and samples were transferred to either glass
vials with a Teflon-lined cap (M4) or Sorenson BioScience tubes
(M5).30 Samples were subsequently vortexed for 30 s and MTBE
(M4: 5000 μL, M5: 755 μL) was introduced prior to 1 h incubation at
room temperature. Water (M4: 1250 μL, M5: 188 μL) was
subsequently added to induce phase separation, and samples were
incubated for an additional 10 min at room temperature. Samples
were then centrifuged at 1000g for 10 min, and the upper organic
phase was collected. The lower phase was re-extracted with a 10:3:2.5
ratio of MTBE/MeOH/H2O (M4: 2000 μL, M5: 500 μL). Organic
phases were subsequently combined, and 200 μL aliquots were dried
via speedvac and reconstituted in 10 μL CHCl3 and 190 μL MeOH
for LC-IMS-CID-MS analysis.

LC-IMS-CID-MS Analysis

An Agilent 1290 Infinity II UHPLC coupled to an Agilent 6560 IM-
QTOF MS platform (Santa Clara, CA) was utilized for the analysis of
75 brain punch lipid extracts.34,35 IMS-MS data was collected with
both positive and negative ESI from 50 to 1700 m/z. A cycle time of 1
s/spectra was applied to intensify the signal of low abundant ions.
Alternating scans of no fragmentation and all-ions data independent
acquisition (DIA) were used to obtain both precursor and
fragmentation information simultaneously as DDA acquisition
requires modifications to the 6560 platform.36 Collision energies for
the collision-induced dissociation (CID) of lipids were ramped based
on IMS drift times, providing optimized fragmentation for different
ion sizes and charge states.37,38 Injection volumes of 10 μL of each

sample were chromatographically separated on a reversed phase
Waters CSH column (3.0 mm × 150 mm × 1.7 μm particle size) over
a 34 min gradient (MPA: ACN/H2O (40:60) containing 10 mM
NH4Ac; MPB: ACN/IPA (10:90) containing 10 mM NH4Ac) at a
flow rate of 250 μL/min.39 Detailed information on the gradient and
column wash are provided in Supporting Information Table S1.

Lipid Identification, Statistics, and Analysis

From our LC-IMS-CID-MS platform, retention time, collisional cross
section (CCS), and m/z values of both precursor and fragment ions
were simultaneously collected. Lipid identifications were made in
Skyline from a library developed in-house of 516 lipids with
experimentally validated LC, IMS, and MS information.40,41 Spectra
were deconvoluted based on the alignment of fragment ions to
precursor signals in LC and IMS dimensions which was determined to
be sufficient for identifying individual lipids. The speciation of lipids
commonly included the headgroup and fatty acyl (FA) assignments
(i.e., PC(16:0_18:1)) without the annotation of double bond
position, orientation, or the backbone position of FA connectivity.3,8

For the 2.0 mm brain punch diameter, a total of 314 lipid signals were
observed across positive and negative ionization modes.

To assess extraction performance, the log2 transformed positive and
negative mode lipidomic data was assessed for outliers using RMD-
PAV, Pearson correlation, and principal component analysis (PCA) in
pmartR (version 0.9).42 Samples that failed outlier tests and lipids
lacking data for relative quantitation were removed from the data set.
Total ion current (TIC) normalization was then applied in
MetaboAnalyst (version 4.0).43 To assess extraction performance,
the relative abundance of individual lipid species across each pairwise
comparison was assessed. The normalized, log2 transformed data
underwent an ANOVA with an α = 0.05 and a Holm correction in
pmartR.42 Normalized abundances and statistical outputs for (a)
modified Folch with and without wait times (M2 vs M1), (b) MTBE
and Folch comparisons (M4 vs M2), and (c) reduced volumes of
modified Folch (M3 vs M2) and MTBE extractions (M5 vs M4) for
all brain punches are presented in Tables S2−S7. Data outputs were
visually summarized with the SCOPE toolbox to cluster lipids by
structural relationships in R.44−49 Fold change outputs from the
statistical analysis were then overlaid to illustrate trends in statistically
upregulated (red), downregulated (blue), and not significant (gray)
lipid species.

■ RESULTS AND DISCUSSION

Optimizing Brain Punch Extractions

Despite the brain being the second most lipid rich region of
the body, with adipose tissue being the first, the limited
quantity of material for MS analysis can hinder lipidome
coverage.50 Therefore, the first objective of this research was to
expand on comparisons of lipid extraction efficiency with a
range of sample amounts.32,51 Established workflows of Folch29

Table 1. Lipid Extraction Amounts for Folch (M1−M3) and MTBE (M4, M5) Extraction Procedures

(A) Folch extraction

MeOH aliquot
#1 (μL)

MeOH aliquot
#2 (μL)

CHCl3
aliquot (μL)

wait time
(min)

H2O aliquot
#1 (μL)

H2O aliquot
#2 (μL)

total extraction
time (h)a

method 1 (M1) 750 750 3000 0 200 1200 2.3
method 2 (M2), with wait time 750 750 3000 60 200 1200 3.3
method 3 (M3), with wait time and
reduced volume

200 200 762 60 51 305 3.3

(B) MTBE extraction

NH4Ac
aliquot (μL)

MeOH aliquot
(μL)

MTBE aliquot
(μL)

wait time
(min)

H2O aliquot
(μL)

re-extraction
volume (μL)

total extraction
time (h)a

method 4 (M4), with wait time 200 1500 5000 60 1250 2000 2.0
method 5 (M5), with wait time and
reduced volume

200 266 755 60 188 500 2.0

aThe total extraction time sums all wait, centrifuge, vortex, sonication, and speedvac times.
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and Matyash31 extractions were modified to include (1) a 1 h
wait time following organic solvent addition, (2) comparison
of MTBE and CHCl3 as organic solvents, and (3) reduction of
extraction volume amounts (Figure 2a). These three variables
were chosen to optimize lipidome extraction through
complementary facets. Wait times following organic solvent
addition, for example, have previously been applied to facilitate
the diffusion of lipids into the organic phase in mammalian
tissue.52 Organic solvents and their respective ratios have been
assessed for optimizing lipid extraction protocols with
comparable performances, but prior work has not considered
organic solvent extraction efficiency with limited sampling
material.32,51 Finally, the reduction of extraction volumes was
investigated to minimize sample transfer throughout extrac-
tion. Importantly, the ratio of solvent was kept consistent
between original and reduced methods.32,33 Overall, similar
trends in lipid dysregulation were observed across brain punch
sizes. Therefore, data from only the 1.25 mm brain punch
diameter was used to consider the extraction efficiencies for
each comparison (Figure 2b).
The hypothesis of an additional incubation period

facilitating lipid partitioning into the organic layer was not
supported as we observed little effect on lipid recovery
between M1 and M2 (0 and 60 min, respectively). In this
comparison, 12 lipids were found to be significantly down-
regulated and 5 were found to be upregulated of the 302
identifications. No trends of lipid category, class, or fatty acyl
composition were observed for the significant species. Given

that the additional incubation time has largely been applied for
extraction of fibrous tissue types, the findings herein may
suggest the effectiveness of lipid transfer to the organic phase
from homogenized tissue is determined by tissue structure.52

MTBE and CHCl3 are the most common organic solvents
used for lipid extraction, and both solvents have been routinely
assessed across a myriad of sample types demonstrating
comparable performance across the major lipid classes.32,33

Herein, a similar effect was observed where only 37 lipids were
statistically downregulated and 5 were upregulated in the
comparison of MTBE vs CHCl3 (M4 vs M2). Notably, a
number of dysregulated lipids in this comparison belonged to
the free fatty acid (FFA) and phosphatidylethanolamine (PE)
lipid classes. FFAs are known to partition between organic and
aqueous layers during lipid extraction. The loss of FFA signals
here contrasts with previous findings that MTBE facilitates
better FFA recovery compared to chloroform.31 When
interpreting this result, it is important to emphasize FFA
signals have many origins, including the degradation of
complex lipid species, but this appears partially unsupported
given the downregulation of complex lipids in MTBE vs
CHCl3. Instead, this observation may be an artifact of the use
of methanol versus water during initial tissue homogenization
as methanol facilitates the disruption of hydrogen bonding and
hydrophobic interactions of the lipid bilayer.32,33,52 Therefore,
the observed downregulation of a number of membrane
constituents and FFAs may reflect the significance of this initial
step for improved lipid extraction. While these comparisons

Figure 2. Lipid extraction method comparison. (a) Tables of significant lipids for 1.25 mm punch diameters showing Folch extraction efficiency
(Folch vs Folch with wait; M2 vs M1), Matyash and Folch extraction efficiency (Folch vs Matyash; M4 vs M2), and comparison of reducing
extraction volumes for Folch (M3 vs M2) and Matyash (M5 vs M4) extractions. (b) Circular dendrogram of all 302 lipids signals was generated
with an ECFP_6 fingerprint, Tanimoto distance, and average linkage for the corresponding extraction method comparisons. Log2FC is overlaid for
all three comparisons to visualize trends in significant dysregulation. All identified but insignificant lipids are shown in gray, whereas statistically
significant species that were either upregulated or downregulated are displayed in red and blue.
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showed a slight influence of an additional incubation period
and organic solvents on lipid extraction, the reduction of
solvent volumes for lipid extraction demonstrated a dramatic
decrease of 97% of lipidome coverage for both Folch and
Matyash procedures at a magnitude of −20log2FC despite a
conservation of solvent ratios.33 Notably, the sole upregulated
lipid for both of these comparisons was DG(18:1_18:2), a
potential decomposition product of more complex lipid
species. The observations herein suggest that the most
significant component of lipid extraction is the ratio of
extraction volumes to sample material, as has been suggested
by the work of Ulmer et al.32 Altogether, the investigation of
lipid extraction efficiency was relatively robust to solvent type
and wait time but the best performance was observed following
the modified Folch procedure (M1). Therefore, the following
discussion of punch histology will focus on the results from this
extraction.

Lipidome Coverage across Brain Punch Sizes

Following the selection of the modified Folch procedure (M1)
for determining lipidome coverage across decreasing cell
counts, all brain punch diameter sizes (2.0, 1.25, 1.0, 0.75,
0.5, and 0.25 mm) at 1.0 mm depth were analyzed with LC-
IMS-CID-MS. To relate these to cell-based analyses, neuron
numbers were estimated in each cortical punch size as this cell
type is 2:1 to all other cell types within cortical brain tissue.28

Estimated neuron cell counts ranged from 291 000 to 4630 for
the 2.0 and 0.25 mm punch sizes, respectively (Figure 3a). The
2.0 mm diameter punches yielded a total of 179 and 135
identifications from positive and negative ionization modes
based on experimentally validated CCS, m/z, fragment, and
retention time values. The total 314 lipid identifications are
also on par with other lipidomics experiments.53 As punch size
diminished, the number of lipid identifications also decreased
over time from 314 to 302 to 295 to 278 to 248 and finally to
198 for the 0.25 mm diameter. While the decline in coverage
was anticipated, a variation in slope was observed, with
coverage being reasonably well conserved through 0.75 mm,
and then a marked decrease was observed for the 0.5 and 0.25
mm punch diameters (Figure 3b). Relative to MSI, the
corresponding area of the 0.25 mm punch size is 0.88 mm2

which is approximately 3−4 times greater than the 250−200
μm spatial resolution capabilities of lower resolution imaging
techniques which are often presliced to set the depth of spatial
information.14,54 However, prior work has estimated the total
volume of the adult rat cortex to be 44 mm3 with subcortex
areas (i.e., auditory, motor, visual) falling within the range of
5−1.1 mm3.13 Therefore, the spatial isolation of all subcortical
regions could readily be accomplished with brain punch
diameters at or below 1 mm. This punch size corresponded to
165 positive mode and 130 negative mode lipid identifications,
of which 28 were observed in both.
We next examined lipidome coverage losses to elucidate the

missing identifications for each reduced punch diameter. In
comparing the positive and negative ESI lipid losses for the 2.0
mm and the 0.25 mm diameters, we observed the depletion of
lipids reflective of both poor ionization efficiency and low
biological abundances as illustrated in the pie chart above each
bar graph (Figure 3b). Triacylglycerol (TG, dark red),
diacylglycerol (DG, red), and cholesterol ester (CE, pink)
are all neutral molecules that are ionizable in positive ESI
through adduction with an ammonium ion. Relative to
phospholipid and sphingolipid species, this mechanism is far

less efficient and coelution of these species challenges the
thorough annotation of these lipid classes.55,56 Therefore, the
high proportion of TG species lost with subsequently
decreasing punch sizes and the absence of a CE signal below
0.75 mm is likely attributable to poor ionization in conjunction
with reduced material. Taken together, the prevalence of
neutral lipids annotated by positive ESI explains the steeper
loss of lipids observed in positive mode relative to negative.
Previous lipidome brain region analysis elucidated that
phosphatidylcholine (PC), phosphatidylethanolamine (PE) ,
phosphatidylethanolamine alkyl ether/plasmalogen (PE O/P),
phosphatidylserine (PS), hexose ceramide (HexCer), choles-
terol (Chol), phosphatidylinositol (PI), and sphingomyelin
(SM) classes make up 97% of the brain lipidome.50 Individual,
low abundance lipids belonging to these classes were lost with
decreasing punch diameter. Additionally, entire lipid classes
(phosphatidic acid (PA), acylcarnitine (AC), anandamide
(ANA), ganglioside (GM3)) that constitute the remaining 3%
of the lipidome were gradually unobserved with decreasing
punch diameter, likely from the low abundance of these species
within tissue. ANAs for example, are low-level lipids, with
quantification estimates below 100 ng/mL in rat brain tissue
that were no longer quantifiable below 0.5 mm punches.57

Ceramides (Cer) are another class of lipids that constitute the
remaining 3% of brain lipidome composition that was uniquely
observed for all brain punches. Altogether, the lipidome

Figure 3. Brain lipidome coverage across punch sizes. (a) Each punch
had a depth of 1.0 mm, and the diameters studied are shown in the
table. Estimated neuron counts for each punch size are calculated
using eq 1.28 (b) Number of lipid species per class identified across
brain punches in the positive and negative ion polarity analyses. A
majority of lipid identifications lost in the smaller punch sizes were
low abundant and/or less ionizable species.
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coverage for the 0.25 mm punch size was composed of
abundantly expressed lipids within the major classes with
inclusion of lower level lipids as well. Given the loss of 88% of
material relative to the 2.0 mm punch diameter, the retained
65% coverage of lipids for the 0.25 mm punch size suggests our
histology method retained significant coverage. While some
lipid differences are potential artifacts of micropunching across
subregions of the cingulate cortex, no subregions were
intentionally isolated. The consistent trend of lipid counts
decreasing with punch size suggests this proof of concept is a
robust depiction of micropunch capabilities and any effects of
differential lipid expression across subregions is thought to be a
minor contributing factor to the overall findings.

Brain Punch Diameter Effects on Lipid Speciation

The quality of lipid annotation through speciation capabilities
is a crucial component for assessing lipidome coverage. CID
fragmentation of lipids is diagnostic of the fatty acyl and
headgroup moieties that constitute complex lipid structures.55

Therefore, the simultaneous collection of precursor and
fragment scans is of great importance for lipidomic experi-
ments. The method deployed herein for CID fragmentation is
a DIA all-ions approach where lipids in the same LC and IMS
window are fragmented concurrently. Traditionally, in LC-MS
applications, DIA fragmentation results in spectral complexity
that can introduce ambiguity in assigning lipid identifications
given the prevalence of shared structural motifs. IMS can assist
in the deconvolution of complex fragmentation spectra by
filtering signals in the drift time dimension.37 Given the
reproducibility of CCS values within 0.5% RSD, IMS is
sufficient to deconvolute interfering signals for confident

assignment of fatty acyl and headgroup constituents.7,35,41

However, CID efficiency is variable based on ion mass,
fragment type, and ionization mode.58 Given the reduced
number of ions reliably identified with decreasing abundance,
annotation quality decreases as fragment ions are lost. The loss
of 16:0 and 18:2 FA fragments, for example, reduces the
annotation of a lipid from PC(16:0_18:2) to the summed fatty
acyl PC(34:2) composition.8 Biologically, this reduction in
speciation is significant as the number of database matches
increases from 12 to 30 potential structures.3

To explore how lipid speciation is influenced by decreasing
brain punch size, we detail an example case of isomeric lipid
separation by LC and the importance of fragmentation for lipid
identification. The LC method leveraged within this study is
slightly longer than other workflows to enhance lipid specificity
at the expense of duty cycle.39 Stereoposition isomers (sn-1
and sn-2) of lysophospholipids (LPLs) have a large enough
difference in hydrophobicity that the order of LC elution varies
such that the sn-2 lysophospholipid elutes prior to the sn-1
lysophospholipid. Therefore, we can confidently distinguish
isomeric pairs such as PC(0:0/18:0) and PC(18:0/0:0) based
on the LC elution order and slight shift in CCS values (Figure
4a). While the extracted ion chromatogram (EIC) ratio of
these two conformers is conserved in the LC dimension, the
abundance decreases with punch size. As punch sizes fall below
1.0 mm, the less abundant sn-2 PC(0:0/18:0) drops below the
limit of detection even with drift time filtering (purple bar) as
observed by comparing the signal in the nested drift spectra of
the 1.25 mm punch size and 0.5 mm punch size of the
precursor ion in Figure 4b. The stereochemical positioning of
the fatty acyl depends heavily on the observation of two LC

Figure 4. Signal abundance effects on lipid speciation. (a) Positive mode LC-IMS-MS/MS extracted ion chromatogram (EIC) of PC(0:0/18:0)
and PC(18:0/0:0) across brain punches which are resolved by LC. (b) Drift spectra of the PC(0:0/18:0) precursor in negative ESI for 1.25 mm
(left) and 0.5 mm (right). The decreased confidence in the sn-2 lipid presence also has greater implications on the speciation assignable for the
more abundant sn-1 isomer. (c) CID fragment ion drift spectra in negative ESI for 1.25 mm (left) and 0.5 mm (right). The decreased intensity of
the PC headgroup fragment ion at 0.5 mm decreases confidence in structural assignment. For both (b) and (c), the purple bars outline the region
corresponding to the collisional drift time window of each ion determined by the instrument resolving power and analyte CCS.
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peaks. Therefore, below 1.0 mm, this distinction becomes
uncertain as the retention time differences used to differentiate
these species could be attributed to slight experimental
fluctuations. Thus, the speciation of this lipid decreases to
PC(0:0_18:0) to denote this uncertainty.
Similar to how precursor abundance decreased with smaller

punch sizes to limit the number of identifications, another
critical component for assigning the FA composition of
precursor signals is fragmentation data quality (Figure 4c).
PC lipids are diagnostically annotated by the 224 and 184 m/z
headgroup fragments observed from negative and positive
ionization. While PC lipids are readily observed and quantified
from the positive mode, structural fragmentation is less
extensive compared to that of the negative mode due to
reduced ionization for the fatty acyl groups.55 Therefore, both
negative mode and positive mode information is commonly
evaluated for annotations and identifications. For the 1.25 mm
punch size, the strong signal of the 224 PC headgroup
fragment ion provides confident assignment of the correspond-
ing m/z as a PC lipid. However, in the negative mode with the
0.5 mm diameter punch size, this signal diminishes such that it
is indistinguishable from the noise. Therefore, the annotation
of this lipid as a PC is ambiguous with the smaller punch and
the 17 LIPID MAPS database matches corresponding to this
feature cannot be further filtered to make a more specific
annotation.3 However, while fragmentation capabilities did
decline with the reduction of sample size, potential annotations
were still possible as performed with MSI but are not
showcased in our reported numbers. Further, while the
resolving power achieved with IMS is only ∼60, the
deconvolution of spectra by drift time and retention time
alignment facilitates the identification of lipid species.59

■ CONCLUSION
The simultaneous assessment of lipid speciation and location
across an organism’s lipidome is extremely difficult with
existing analysis pipelines. Herein, we showcase the capabilities
of combining micropunches and multidimensional LC-IMS-
CID-MS analyses for the lipidomic assessment of brain tissue
beginning with the optimization of lipid extraction for limited
material. Extraction efficiency was determined to be robust
across both wait time additions and organic solvents.
Reduction of sample volumes, however, resulted in significant
deterioration of lipidome annotation capabilities despite the
conserved extraction ratios and removal of sample transfer
steps with this method. Following the extraction analysis,
lipidome coverage and speciation were both assessed by
histological punch profiling. We observed that the signal losses
of the initial 314 lipid identifications made from the 2.0 mm
diameter punch to the 0.25 mm size occurred for the less
abundant and poorly ionizable lipid classes. However, the 0.25
mm punch size still produced a robust coverage of 198 lipid
species, an outcome that is particularly advantageous for
neuroscientists because it is an optimal size for isolating and
analyzing subcortical and other brain regions of interest in
adult rat brains. Thus, micropunch histology can be a viable
method for retaining coverage while simultaneously achieving
meaningful spatial resolution to assess lipid dysregulation.
The final component of this investigation was the speciation

of lipids analyzed with our LC-IMS-CID-MS platform. To
provide confident headgroup and fatty acyl annotations, an
abundant precursor signal is required for the complementary
assessment of LC, IMS, and parent and fragment MS data.

Here, we observed that speciation is also negatively influenced
by reduced sample quantity as it was difficult to assign
fragment ions for low abundance lipids. In conclusion, while
losses were observed in the small punch diameters, this
methodology was still able to annotate lipid headgroup and
fatty acyls for approximately 200 lipids at punch sizes well
below that of subcortex brain regions. Therefore, micropunch
histology could significantly enhance the biological information
achievable for lipidomic applications in small cellular or tissue-
based samples collected from the brain or other organs.
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