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distinct fluorophores in four
different brain cell types
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To screen the complex central nervous system (CNS) injury responses, we created a quadruple-labelled
'PrismPlus’ mouse line with a genetically encoded distinct fluorescent tag in oligodendrocytes, microglia,
neurons, and astrocytes. Cx3crl-gfp and Prism mice originally developed by Jung et al., 2000 and Dougherty
etal., 2012, respectively, were cross-bred. First, we confirmed the presence of fluorophores in appropriate
cell types in PrismPlus mice. PrismPlus mice were then used to examine the cellular responses to brain
implanted micro-devices. We observed an increase in microglial response at earlier time points as compared
to 4 weeks, a progressive astrocytic response, and fewer neurons at the vicinity of an implanted device. These
results are similar to what has been described in literature using other rodent strains, previously attainable
only through time-consuming and variable immunohistochemistry methods. Finally, we demonstrate
the compatibility of PrismPlus brain tissue with CLARITY, an advanced tissue clearing technique, opening
the door to future thick tissue imaging studies. This report confirms PrismPlus transgenic fluorescence
and highlights the utility of these mice to study CNS injuries. The work herein seeks to establish a novel
transgenic mouse line to improve experimental scope, consistency, and efficiency for CNS researchers.

The successful demonstration of expression of green fluorescent protein (GFP), a fluorescent molecule derived
from Jelly fish (Aequorea victoria), in bacteria (E. coli) and nematode (C. elegans) by Chalfie et al. in 1994, laid the
foundation for the development of mice expressing GFP in all cells (popularly known as ‘green mice’), and many
other reporter mouse lines expressing GFP in cell-specific targets'-%. Modifications to GFP and the discovery of
several other fluorophores extended the palette of fluorescent proteins thus allowing diverse combinations of
molecular tags®~’. Transgenic mouse lines with genetically encoded fluorescent proteins (FPs) in conjunction
with fluorescent-based microscopy techniques offer considerable advantages to both ex vivo and in vivo studies.

Ex vivo fluorescent immunohistochemistry (IHC) has been a gold standard technique to observe cellular and
subcellular details since first demonstrated by Coons et al. in 19418, Typical IHC involves mechanical sectioning
of a tissue into thin sections and staining with antibodies of interest; this process is labor-intensive and may
lead to loss or distortion of relevant data. With the advancements in imaging techniques®!'” and emerging tissue
clearing techniques, such as Scale'!, SeeDB!'?, CLARITY"?, ClearT"*, and ScaleS'®, we can obtain greater imaging
depth thereby negating the need to physically section into thinner sections. However, tissue clearing methods do
not facilitate antibody label penetration. Thicker samples require incubation in higher antibody concentration
for several days and, usually, under non-physiological conditions such as strong detergents and high tempera-
ture. Together, this results in limited and/or inconsistent antibody labelling through the depth of the tissue, often
leading to misinterpretation of the data. Aforementioned issues that are associated with both thin and thick tissue
staining can be addressed by using a reporter system with genetically encoded FPs.
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Strain/Transgenes Mutant Primers Internal Control Primers

Cx3cr1-GFP (Method I) 5'-CCCCTGAACCTGAAACATAAA-3' 5'-GTCTTCACGTTCGGTCTGGT-3
5'-CCCAGACACTCGTTGTCCTT-3' 5'-CCCAGACACTCGTTGTCCTT-3'

Cx3erl-GFP (Method 1) 5'-GTTGTTAACTTGTTTATTGCAGC-3' 5-CTTCTACGCCCTCGTCTTCA-3'
5'-CCCAGACACTCGTTGTCCTT-3' 5'-ACCCAGACACTCGTTGTCCT-3'
5'-TCGTGACCACCCTGACCTG-3’ 5'-GGCAAAGGTGGAAATGAAGA-3

Prism (CFP transgene) | 5/ G 7GATATAGACGTTGTCGCTGATG-3' | 5-CTCAGACCACACAGGGAATG-3'

5'-CCCATGGTCTTCTTCTGCAT-3'
5’-AAGGTGTACGTGAAGCACCC-3’

Prism (DsRed transgene)

Table 1. List of primers used for genotyping.

Reporter mouse lines with transgenic FPs have gained popularity in the field of neuroprosthetic research!6-18,
Brain implanted micro-devices exhibit performance decline post-implant; this loss of functionality is attributed
to formation of a glial scar that is composed of reactive astrocytes and activated microglia/macrophages and a
loss of local neurons!®-?!. However, studies aimed at characterizing the cellular responses do not always show
consistent results. End-point histological assessment of the surrounding tissue, which involves physically sec-
tioning and immunostaining steps, is a common practice, and given its shortcomings may contribute to this
variability. More advanced techniques, such as Device-Capture Histology, have been employed to preserve
the implant-surrounding tissue for intact analysis, but are limited by antibody penetration issues as the tech-
nique requires capturing thick tissue sections (~500 um)?>-2%. Others have used transgenic mice with geneti-
cally encoded FPs to study the real-time biological response to implants, but were limited to a single FP'¢. Brain
implanted devices elicit a complex cellular response that involves multiple cell types including microglia, astro-
cytes, oligodendrocytes, and neurons.

There are several mouse lines that express single fluorophores under a specific cell type, including a
Cx3Crl-gfp mouse line that expresses GFP in immune cells including microglia, macrophages, natural killer
cells, and dendritic cells>*’”. However, mouse lines expressing multiple fluorophores are constrained to mostly two
cells due to allele problem and to address this, Dougherty et al., 2012 reported the development of a triple-labelled
‘Prism mouse’ line to demonstrate that multiple transgenes can be integrated into single locus®. The Prism mouse
line expresses cyan fluorescent protein (CFP) under the control of myelin oligodendrocyte basic protein (Mobp)
in oligodendrocytes, yellow fluorescent protein (YFP) under the control of snaptosomal associated protein KD25
(Snap25) localized to ribosomal proteins (L10a) in nucleolus and cytoplasm of neuronal soma, and Discosoma
sp. red fluorescent protein (DsRed) under the control of aldehyde dehydrogenase 1 family, member L1 (Aldh1L1)
expressed in astrocytes®. While serving as a significant resource to researchers, the Prism mouse line lacked the
expression of a fluorophore in microglial cells, a cell type of primary interest in CNS injury and cortical implant
research.

In this paper, we report the development and characterization of a ‘PrismPlus’ mouse line expressing dis-
tinct fluorophores in four different CNS cell types. This was achieved by carefully interbreeding Cx3cr1-gfp and
Prism mice that were previously developed by Jung et al., and Dougherty et al., respectively*?*. We show that the
offspring from the cross inherited transgenes from both mouse lines and express distinct fluorophores in four
different CNS cells. Following validation, we also demonstrate the utility of this trangenic mouse line in studying
the cellular response to a cortical implant injury model and its compatibility with an advanced tissue clearing
method, CLARITY".

Results

PrismPlus mouse line successfully inherited transgenes from parental lines. We obtained the
Prism mouse lines (heterozygous) and the Cx3cr1-gfp (homozygous) from the Jackson Laboratory and first,
established a colony of each lines. To generate a PrismPlus mouse line, homozygous Cx3cr1-gfp mice were paired
with heterozygous Prism mice. This cross resulted in offsprings that were positive for both the transgenes from
Cx3crl-gfp and Prism mouse lines. Primers that were used to detect transgenes are listed in Table 1. Later, male
and female offspring, positive for both transgenes were bred, to maintain and increase the colony size. Overall,
the litter sizes were small (mostly 3-5) and subsequently the pups’ positive for both transgenes were low (below
20%). Although quantitative behavioral testing was not performed, we did not notice any abnormal behavior in
PrismPlus mice.

Following genotyping, phenotype validation was achieved by imaging the cortex of adult mice. Microglia
(GFP) from Cx3crl-gfp mice (Fig. 1a) and oligodendrocytes (CFP), neurons (YFP), and astrocytes (DsRed) from
Prism mice (Fig. 1b) were present in the cortex of a PrismPlus mouse line (Fig. 1c) further confirming that the
offspring positive for transgenes faithfully inherited cell-specific fluorophores from their parental lines. Images
were collected spectrally, 9 nm interval, using lambda mode and separated via built in linear unmixing algorithm
on a Zeiss LSM 710 microscope. Some GFP signal was noticed in YFP channels and were further processed; in
particular, GFP signal from YFP channels were subtracted using built in tools in Zen software. Furthermore,
microglial (GFP) and neuronal (YFP) morphology are visually distinguishable. The YFP neuronal signal was
relatively dim in the cortex, however this was previously reported in the Prism mice as well?*.

CNS cells expressing distinct fluorophores in different brain regions co-localize with commer-
cially available antibodies. We observed the fluorescent cell distribution in different brain regions of the
PrismPlus mice. An entire sagittal section of the brain (Fig. 2a.) shows the independent expression of cell-specific
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Figure 1. Confocal images of fluorophores expressed in four cell types in the cortex (approximately layer
III-1V) of different mouse lines. (a) Green fluorescent protein (GFP) is expressed in microglia of Cx3cr1-gfp
mouse. (b) Merged image of Cyan fluorescent protein (CFP) expressed in oligodendrocytes, yellow fluorescent
protein (YFP) expressed in neurons and Discosoma sp. red fluorescent protein (DsRed) expressed in astrocytes
of Prism mouse. (c) Merged image of CFP expressed in oligodendrocytes, GFP expressed in microglia,

YFP expressed in neurons and DsRed expressed in astrocytes of quadruple-colored ‘PrismPlus’ mouse line.
Single channel images from Prism and PrismPlus mouse lines are shown right to the merged images, b & c,
respectively. Z-stack images of 20 microns thick sections were acquired either sequentially (a) or in lambda
mode (b,c) using Zeiss LSM 710, 20x/0.8 NA objective and are presented as maximum projected intensity. Scale
bar =50 um.

fluorophores across the entire brain of the PrismPlus mouse. To look at the cellular details, we focus on the cor-
tex (Fig. 2b) and the cerebellum (Fig. 2c). CFP expressing oligodendrocytes are ubiquitous in deeper cortical
layers and the white matter region of the cortex and cerebellum, especially at the densely myelinated region. GFP
expressing microglia are evenly distributed and are presumably in the resting state in both regions. As expected,
YFP expressing neurons are rare or absent in the molecular layer (layer I) as compared to deeper cortical layers,
and densely packed in the cerebellar granule cell layer. DsRed expressing astrocytes are present in the outermost
layer of the cortex (glia limitans), homogeneously distributed throughout the cortex, and astrocytes including
bregmann glia in the cerebellum. We noticed bleed through of DsRed signals in other channels; however, the
difference in morphology of the cell types helped guide signal separation by linear unmixing and look-up-table
value selection.

Next, we performed standard IHC using commercially available cell-specific antibodies to validate the util-
ity of PrismPlus mouse line in studies where staining is carried out routinely to asses these specific CNS cell
types. CFP fluorescing myelin oligodendrocyte basic protein co-occur with anti-MBP, a marker of oligoden-
drocytes, in white matter regions that are primarily composed of myelinated axons (Fig. 3b). Note that CFP is
predominantly localized to the cell body nearby MBP which is cytoplasmic and membrane associated protein?.
GFP fluorescing microglia co-localize with anti-Ibal (M1 =0.824, M2 =0.599) and anti-TMEM19 (M1 = 0.806,
M2 =0.584) in tissue, markers that are used to identify microglial cells (Fig. 3c,d). Though the overlap coefficients
were lower than 1 as indicated by M1 and M2 values, the ratio of GFP expressing microglia to antibodies Ibal
and TMEM19, different markers for microglia, is close to 1 at the cell body level as evident in Fig. 3c,d, respec-
tively. Note, the GFP signal is more intense at the cell body (though processes are also identifiable) in contrast
to anti-Ibal which is expressed evenly across the entire microglia (cell body and processes). YEP fluorescing
neurons co-localize with a neuronal nuclear stain, anti-NeuN, as evident in Fig. 3e. As with NeuN expression,
YFP signal in PrismPlus is concentrated at the neuronal soma, especially at nucleolus and cytoplasm. The ratio of
anti-NeuN to YFP positive neurons is 0.93 and YFP positive neurons to NeuN is 1.07 suggesting a strong overlap
between NeuN immunostain and YFP expressing neurons. Finally, DsRed positive cells co-localize with astro-
cytic markers anti-glutamine synthetase (M1 =0.986, M2 = 0.692) and anti-GFAP (M1=0.895, M2 =0.573) as
evident in Fig. 3f,g. The co-localization is most apparent at the outermost layer of cortex (glia limitans layer) and
large vasculature. Additionally, as expected, we did not see the co-localization of commercially available antibod-
ies with other fluorophores than its corresponding fluorophores i.e., anti-Ibal and anti-TMEM19 with CFP, YFP
and DsRed; anti- MBP with GFP, YFP and DsRed; anti-GFAP and anti-glutamine synthetase with CFP, GFP and
YFP (data not shown).

Cellular response to brain- implanted devices in PrismPlus mice. One major goal of developing the
PrismPlus mouse line was to allow researchers to quickly and consistently image essential cell types associated with
CNS injury. For this study, we implanted silicon microelectrodes into the somatosensory cortex of PrismPlus mice
and assessed the cellular response at three different time points (1 week, 2 weeks and 4 weeks; n=1). We observed
an increased microglial response, as indicated by an increase in number of GFP-positive cells around the implanted
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Figure 2. Expression of distinct fluorophores in CNS cells in different brain regions in a PrismPlus mouse line.
(a) Epifluorescence image of a sagittal mouse brain section depicting approximate brain regions (dashed boxes)
for images in b and c. CFP-expressing oligodendrocytes, GFP-expressing microglia, YFP-expressing neurons
and DsRed-expressing astrocytes, and merged confocal images in cortex (b) and cerebellum (c) of a PrismPlus
mouse. Single channel images of (b) and (c) are shown right to the merged images. Images are maximum
projected intensity of 20 um thick section. Scale bar in a=5mm; b & ¢ =100 um.

device at 1 week (Fig. 4a) and 2 weeks (Fig. 4b) compared to 4 weeks post-implant (Fig. 4c). Up to 150 um away from
the implant, fluorescent intensity of GFP was greater for 1 week implant as compared to 2 weeks and 4 weeks implant
(Fig. 5a). The astrocyte response was a progressive, diffused response at earlier time points (1 week and 2 weeks) result-
ing in formation of an astroglial-sheath encapsulating the implanted device by four weeks. The DsRed fluorescent
intensity was higher for 2 and 4 weeks as compared to 1 week (Fig. 5b) at the vicinity of implanted device. Though
we noticed fewer YFP-positive cells up to 100 um away from the implant site as compared to distant areas, we did not
observe a complete ‘neuronal void’ surrounding an implant at any of the three different time points. There appeared to
be a regular distribution of CFP positive oligodendrocytes surrounding the implanted devices out to 4-weeks.
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Figure 3. Co-localization of transgenic fluorophores with standard antibodies for different cell types.

(a) Epifluorescence image of a sagittal mouse brain section illustrating approximate brain regions for images in
b-g. (b) CFP-expressing oligodendrocytes co-occur with anti-MBP in white matter region of the brain. GFP-
expressing microglia co-localized with anti- Ibal (M1=0.824, M2=0.599) (c) and anti-TMEM19 (M1 = 0.806,
M2=0.584) (d). (e) YFP-expressing neurons co-localized with NeuN (NeuN/YFP =0.93, YFP/NeuN = 1.07).
DsRed-expressing astrocytes co-localized with anti-glutamine synthetase (anti-GS) (M1=10.986, M2 =0.692)
(f) and anti-GFAP (M1=0.895, M2 =0.573) (g). Different regions in the brain were selected to highlight
specific cell’s distribution. Co-localization experiments was repeated at least on 3 different mice from different
litters. M1 represents fraction of transgenic fluorophores overlapping immunostained cells and M2 represents
fraction of immunostained cells overlapping transgenic fluorophores. Scale bar in a=5mm; b-g =100 pm.

Fluorophores in PrismPlus mouse brain persist through the CLARITY clearing technique. To
assess the compatibility of fluorophores present in the brain tissue of PrismPlus mouse line with an advanced
tissue clearing method, we cleared thick brain sections (>500 um) with the CLARITY technique'. As evident in
Fig. 6a, transgenic fluorophores were retained after the tissue clearing process and morphological hallmarks were
preserved for each cell type. However, we noticed dimmer YFP signal in CLARITY cleared tissue than the tissue
that did not go through the clearing procedure. Note the YFP signal (especially in cortex) is dimmer relatively
to other fluorophores (Fig. 1c) even in brain tissue that did not go through clearing protocol. Yet, the nucleolus
and the nuclear envelope of neurons are still identifiable in the cleared brain tissue (Fig. 6a). In addition, through
Fig. 6(b-e), we demonstrate that a thick section can be imaged without any non-uniformity in fluorescent inten-
sity, which is commonly seen in thick-tissue sections processed by IHC labelling®.

Discussion
Transgenic animals with cell-type specific markers have become an invaluable tool in the field of biomedical
sciences to study both persistent and highly dynamic events, such as injury response. However, we are restricted
to mice expressing genetically encoded fluorophores in few cell types. In this report, we present the union of
Cx3cr1-GFP mice with Prism mice to provide a more complete cellular overview of CNS cell types in a single
animal. Following genotyping and verification of cell specific fluorophores, we explored the utility of PrismPlus
line (i) in a cortical implant injury model, and (ii) in thick tissue imaging via an optical clearing technique.
Having multiple FPs with emission profiles close in the light spectrum in PrismPlus mouse tissue was advantageous
for us as it allowed to stain with cell-specific antibodies utilizing Alexa dyes in far-red range. The overlap of transgenic
FPs with comercially available antibodies ensured that the FPs were indeed expressed in correct cell types. Though
the epitope target of antibodies are different than promoter under which the FPs are expressed, the degree of overlap
between them illustrates that this mouse model can serve as an alternative to immunostaining where routine assess-
ment of these cell-specific markers are performed. Furthermore, these results also demonstrates that five colour imag-
ing can be easily achieved, if desired, with PrismPlus mouse tissue using a standard confocal microscope. However,
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Figure 4. Cellular response to brain-implanted devices at multiple time points using PrismPlus mouse line.
(a-c) Confocal images (merged) of cellular response to brain implanted devices at 1 week (a), 2 weeks (b) and 4
weeks (c) post implant. Dashed white ellipse represents the implant location. Merged images are separated into
individual channels. Images are maximum projected intensity of 20 um thick sections and are approximately
from the same depth (approximately 500 um deep) in the cortex. Images in Fig. 4(a—c) were captured and
processed using same settings. Objective: Plan-Apochromat 20x/0.8; Laser power: 405 nm: 5%, 488 nm: 6% and
543 nm: 0.2%. Scale bar =100 pm.

the presence of CFP, GFP and YFP, in the same sample, whose emission peaks are in close proximity required special
attetntion during image acquisition and post-processing of the imaging data. In our study, we accomplished this by
either spectrally imaging (utilizing lambda mode of the confocal system) followed by linear unmixing or using narrow
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Figure 5. Fluorescence intensity profile of GFP expressing activated microglia/macrophages (a) and DsRed
expressing astrocytes (b) as a function of distance (away from the ellipse drawn in Fig. 4) in PrismPlus mice
implanted with “Michigan type” silicon device for 1 week (green), 2 weeks (blue) and 4 weeks (red). GFP and
DsRed channels from images in Fig. 4 were used to generate the intensity profile.

Figure 6. Retention of endogenous fluorophores in PrismPlus mouse brain tissue after CLARITY. (a) Confocal
image (snapshot) of a cortex after active CLARITY showing that all fluorophores survived the clearing process.
Note that YFP signal is prominent at the nucleolus and the nuclear envelope. Same colored arrow pointing at a
particular cell type; Cyan arrow: CFP expressing oligodendrocytes, Green: GFP expressing microglia; Yellow:YFP
expressing neurons, and Red: DsRed expressing astrocytes. (b) 3-D render view of 100 microns thick Z- stack of a
PrismPlus brain (approximately layer IV-V in cortex) after CLARITY showing CFP expressing oligodendrocytes,
GFP expressing microglia and DsRed expressing astrocytes. Figures C,D, and E represent 10 microns thick Z-stack
projection at different Z-depths in Fig. B. Due to the punctate YFP, it was excluded in the Figures b,c,d, and e.
Image in (b) was taken with a 20x objective with digital zoom of 2.0. Scale bar in a =100 um; ¢ =50 pm.

range filters, whenever sequential imaging was performed. While spectral imaging accomplished rapid collection of
data, the cortical YFP signal, although morphologically discernable, was not as robust in our hands as compared to
sequential scanning as evident in Figs 1c and 2b (YFP channel) vs Fig. 3e. A 543 nm beam splitter used during spectral
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scan prevented collection of all YFP signal. This issue might be less prominent with two-photon lasers providing tun-
able excitation with appropriate filter sets and spectral deconvolution algorithms for spectrally close fluorophores?.

One immediate application of PrismPlus mice is the study of neuroprosthetic device integration in CNS tis-
sue, to assess the cellular response to brain implanted devices more consistently than immunostaining. CNS
injury such as an injury model of cortical implant involves interplay between multiple cell types and it is diffi-
cult to interpret the complex relationship using monolabelling approach on neighboring sections. In Fig. 4, we
demonstrate that the PrismPlus mouse recapitulates the cellular response to an injury model of cortical implants,
which is typified by an acute injury response followed by an immunological foreign body response (FBR) to the
chronically implanted microelectrodes within the CNS. The FBR involves multiple CNS cell types with each type
following a stereotyped time course of migration and morphological changes!'®*2*%29_ A heightened microglial
response, as suggested by both the increased number of GFP-positive cells and fluorescent intensity around the
implant injury at earlier time points, are in line with previous findings in rodents'®?%3%3!, The astrocytic response
was progressive, transitioning from an initial diffuse response to the formation of an astroglial sheath by 4 weeks,
similar to previous descriptions in rodent studies'. Though YFP signal was lower surrounding the implanted
device, we did not observe loss of cells resulting in a large neuronal void near the implants, often referred as the
‘neuronal kill zone’!. Future experiments with longer time points may explain this phenomenon. Nonetheless,
the presence of neuronal somas near the implants is not entirely suprising due to the variability often seen in
histological study of micro-device implant integration'®*.

Among many factors including, but not limited to, heterogeneity of the cortex, suboptimal surgical procedure,
and tissue processing steps that contribute to histological variations, IHC induced inconsistencies can be con-
trolled through the use of PrismPlus mice. The consistency of the PrismPlus response relative to IHC processing
of neuroprosthetic device integration suggest that it will be a valuable model for other injury models (e.g. stroke
or traumatic brain injury) as well as neurodegenerative models (e.g. Parkinson’s Disease or Alzheimer’s Disease).

Reporter systems with genetically encoded FPs enable consistent labelling throughout thick tissue samples.
Complimentary technology for the rapid imaging of optically cleared tissues, such as light sheet fluorescence
microscopy, reduces volumetric imaging and reconstruction to hours, where two-photon microscopy can take
days®>. However, while the necessary clearing methods render the refractive index homogenous throughout the
sample, they do not facilitate antibody penetration into thick tissue sections. Currently, the practice of large tissue
clearing and imaging is limited by slow and limited diffusion of primary and secondary antibodies. We sought
to confirm that the transgenic fluorescence signal did not fade as a result of the clearing protocol. In Fig. 6a, we
demonstrate the retention of transgenic fluorophores following the advanced tissue clearing protocol. Though
the nucleolar YFP signal was retained and the neuronal soma morphology is still identifiable after CLARITY
protocol, we noticed dimmer YFP signal at the cytoplasm. The punctate, nucleolar YFP signal does not mark
neuronal processes, however, like anti-NeuN, it allows reliable neuron population quantification in the imaging
area. Though we were limited to 110 microns due to the limited working distance of the objective lens, greater
imaging depth can be achieved by using objective lens with longer working distance utilizing either the confocal
(single photon or multi-photon) or light sheet microscopy techniques. Furthermore, CLARITY compatible dyes
that fluoresce at far-red region can be combined with improved histological methods utilizing PrismPlus mice
to preserve the relevant histological information (surrounding the implanted device) that is otherwise lost with
traditional device explant methodology®*-2+%.

In conclusion, our data suggest that PrismPlus mouse line can provide a consistent and efficient platform
for groups studying the FBR of brain-implanted devices or other CNS traumas, thereby addressing a significant
sources of variability and inconsistency in this research area. We believe that this novel mouse line, in parallel
with advanced microscopy and emerging tissue clearing techniques, will be instrumental in increasing efficiency
of experiments in healthy CNS and injury models (cortical impact, stroke, etc.) where neuroinflammation plays
a large role. We look forward to pairing PrismPlus mice with wide-view imaging modalities such as light sheet
microscope, and with in vivo 2-photon window microscopy in longitudinal studies.

Methods
All animal work involved in this study were carried out in accordance with National Institute of Health guidelines
and were approved by Institutional Animal Care and Use Committee guidelines at the University of Florida.

Mouse strains, colony maintenance, and genotyping. B6.129P-Cx3cr1'™!Li/] (Stock number:
005582) and FVB- Tg(Prism) 1989Htz/] mice (Stock number: 018068) referred to as Cx3cr1-GFP and Prism,
respectively were purchased from Jackson Laboratory (Bar Harbor, ME). Prism line was recovered from the cry-
opreserved stocks at The Jackson Laboratory facility. To maintain the Prism line colony, heterozygous male and
female mice were bred. Prism lines were relatively poor breeders but responded well to being placed on high fat
breeder chow and being provided mice huts to facilitate breeding. To generate a quadruple-colored ‘PrismPlus’
mouse line, mice homozygous for Cx3cr1-GFP (—/—) were crossed with heterozygous Prism (4/—) mice. For
genotyping, tail-clips from litters were outsourced to GenoTyping Center of America (Ellsworth, ME). In brief,
DNA was extracted using a Proteinase K solution and incubated overnight at 37 °C. Samples were diluted 1:50 in
sterile water prior to PCR setup. Prism target was detected using four separate assays; two for cerulean and two
for DsRed portion of the transgene. Cx3cr1-GFP target was also detected using four separate assays. Internal
control and mutant primers used are listed in Table 1. The reactions were run using Quanta SYBR green mix on a
LightCycler 480 under standard conditions with an anneal temperature of 60 °C followed by melt curve analysis.
The CFP target had a melting peak of 86 °C and the internal control had a melting peak of 80 °C. The DsRed tar-
get had a melting peak of 86 °C. For Cx3cr1-GFP target, the melting peak of wild type target was 85.3 °C and the
melting peak of mutant target was 85 °C.
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Microelectrode implantation. Following aseptic procedures, 249 um wide and 15 um thick planar
‘Michigan Array’ silicon microelectrodes were implanted in heterozygous PrismPlus mice (NeuroNexus, Ann
Arbor, MI). Mice were induced with 3% isoflurane (Zoetis, Parsippany, NJ) in Oxygen, and maintained at 1%
during surgery. Heating pad was placed underneath the animal to maintain the body temperature at 37 °C and
vital signs were monitored with a pulse oximeter (Kent Scientific, Torrington, CT). A bolus of 1 mg/kg Meloxicam
(Norbrook, United Kingdom) was given before surgery and up to 48 hours after the surgery. A small incision was
made along the midline using fine scissors and underlying periosteum and connective tissue was removed to
expose the skull. A small craniotomy, approximately 2 mm in diameter, was created over the barrel cortex using a
micro drill, pausing and irrigating with saline frequently to avoid transient overheating of cortex. After the skull
was thinned, it was gently lifted away using fine tipped tweezers (World Precision Instruments, Sarasota, FL).
A microelectrode array was implanted 1.2 mm deep at 20 mm/s using an automated insertion system (Physik
Instruments, Karlsruhe, Germany). After implantation, the exposed area of the electrode was clipped and a thin
layer of Kwik-Sil (World Precision Instruments, Sarasota, FL) was applied to cover the craniotomy. Dental acrylic
(Fusio Liquid Dentin, Pentron, Orange, CA) was then applied to cover the remaining area of exposed skull. A
triple antibiotic (Actavis, NC) was applied around the surgical margins. Following the procedure, 0.5 ml of saline
was injected subcutaneously, and the subjects were monitored until ambulatory. Mice were housed separately
until sacrifice at 1, 2, and 4 weeks post implantation.

Brain extraction, sectioning, and immunostaining. Mice were deeply anaesthetized and then tran-
scardially perfused with 1x Phosphate Buffered Saline (PBS) followed by 4% paraformaldehyde (PFA) solu-
tion. The head was fixed overnight in 4% PFA at 4°C followed by three PBS washes at room temperature (RT).
The brain was extracted, cryoprotected in 30% sucrose solution at 4 °C overnight, then snap frozen in —40°C
2-methylbutane (Sigma Aldrich, M32631-500 ML) for 2 minutes. Frozen brains were then mounted in Optimal
Cutting Temperature (OCT) medium, sectioned into 20-25 um thickness and stored on a slide glass (Superfrost
Plus, Thermo Fisher Scientific, Waltham, MA) at —20°C until further processing. For neural implant studies,
implanted electrodes were explanted carefully after fixation and tissue was sectioned horizontally 1.2 mm deep or
the tip of electrode track was visible. Slices were equilibrated to RT and washed three times in PBS for five minutes
each to remove excess OCT. For co-localization experiments, slices were blocked in wash solution (1% vol/vol
normal goat serum, 0.3% Triton-X in HEPES buffered hanks solution (HBHS)) for 2hours at RT then incubated
in primary antibodies (rabbit anti-MBP (Abcam, ab50390), rabbit anti-NeuN (EMD Millipore, ABN78), rabbit
anti-Ibal (Wako Chemicals, 019-19741), chicken anti-GFAP (EMD Millipore, AB5541), rabbit anti-TMEM19
(Abcam, ab209064), rabbit anti-glutamine synthetase (Abcam, ab73593)) overnight at 4 °C followed by three
15 minute washes in PBS. Slices were then incubated with secondary antibodies Alexa-fluor-633 goat anti-chicken
or Alexa-fluor-633 goat anti-rabbit (Life Technologies) for 1 & 1/2hours at RT. Slices were washed 3 times with
PBS and cover-slipped using Vectashield mounting medium (Vector Laboratories, Burlingame, CA) or Fluoro-gel
(Electron Micorscopy Sciences, Hatfield, PA) onto standard microscope slides. Slides were stored in the dark at
4°C until imaged.

Tissue processing for CLARITY.  PrismPlus mice were transcardially perfused with PBS followed by a cocktail
of hydrogel monomer solution'. The brain was extracted and incubated in monomer solution for 3-4 days
and polymerized at 37 °C for 3 hours. Samples were washed with electrophoretic solution (Logos Biosystems,
South Korea) and cut into >500 pm sections using a vibratome (Leica Microsystems). Brain sections were cleared
using previously described CLARITY". For active clearing, a temperature-controlled X-CLARITY cham-
ber (Logos Biosystems, South Korea) was used. Once the samples were cleared they are incubated in 88% w/v
Histodenz (Sigma Aldrich, St. Louis, MO) refractive index matching solution, prepared in 0.02 M phosphate
buffer®.

Image acquisition, processing, and analysis. All the images except the sagittal section were acquired
using a Zeiss LSM 710 confocal microscope. Images were acquired spectrally (422 nm-724 nm; 9 nm inter-
val) in lambda mode (20x objective, 0.8 NA) then linearly unmixed using reference spectra. Reference spectra
were collected using the same laser settings and beam splitters from wild type (background autofluorescence),
Cx3cr1-GFP (GFP channel), and Prism mice (CFP, YFP and DsRed channels) brain sections. Due to the overlap
of emission profiles of spectrally closed FPs (CFP, GFP and YFP), even with linear unmixing, some GFP sig-
nal was present in nearby channels which was subtracted using built in software in Zen (Zeiss, Germany). For
co-localization experiments, images were acquired sequentially with appropriate filter settings. CFP was excited
with 405 nm and detected with 428-484 band pass filter, GFP was excited with 488 nm and detected with 486-524
band pass filter, YFP was excited with 514 nm and detected with band pass 525-554 filter, DsRed was excited
with 555 nm and detected with long pass 555 and Alexa fluor were excited with 633 nm and detected with long
pass 639. For neural implant studies, MINUTE v1.5 software was used to calculate intensity profile of GFP and
DsRed!®31%, An ellipse was drawn around the implant (dotted dash line) and fluorescence intensity was plotted
as a function of distance away from implant surface. In addition to Zen software, open source FIJI was also used
for image processing™.

Tile scans of an entire sagittal section was captured using Leica DMi8 microscope using a 10 x/0.40 dry
objective (Leica Microsystems, Wetzlar, Germany). The emission (Em.) and excitation (Ex.) filter cubes used for
different fluorophores are as follows: CFP (Ex. 426-446, Em. 435-485), YFP (Ex. 490-510, Em. 520-550); Y3/RFP
(Ex. 532-558, Em. 570-640) GFP (Ex. 450-490, Em. 500-550). Mosaic merge of acquired tiles was performed
with linear blending and auto-stitching using Leica LAX software processing tools.
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Co-localization analysis. To get an estimate of overlap transgenic fluorophores (GFP and DsRed with their
respective immunostains), we calculated Mander’s coefficients using Coste’s automatic threshold, M1 (fraction of trans-
genic fluorophores overlapping immunostained cells) and M2 (fraction of immunostained cells overlapping transgenic
fluorophores), using JACOP plugin in Image] software®. For YFP and NeuN pair, three blinded individuals performed
manual cell count on the gray scale images to obtain the ratio of NeuN stained cells to YFP positive cells.

Data availability. The PrismPlus mouse line is now available from The Jackson Laboratory as JAX#031478.
Further datasets will be available from the corresponding author on reasonable request.

References
1. Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. & Prashert, D. C. Green Fluorescent Protein as a Marker for Gene Expression.
Science. 263, 802-805 (1994).
2. Okabe, M., Ikawa, M., Kominami, K., Nakanishi, T. & Nishimune, Y. ‘Green mice’ as a source of ubiquitous green cells. FEBS Lett.
407,313-319 (1997).
. Zhuo, L. et al. Live Astrocytes Visualized by Green Fluorescent Protein in Transgenic Mice. Dev. Biol. 187, 36-42 (1997).
4. Jung, S. et al. Analysis of Fractalkine Receptor CX 3 CR1 Function by Targeted Deletion and Green Fluorescent Protein Reporter
Gene Insertion. Mol. Cell. Biol. 20, 4106-4114 (2000).
5. Tsien, R. Y. The Green Fluorescent Protein. Annu. Rev. Biochem. 67, 509-44 (1998).
6. Mizuno, H., Sawano, A., Eli, P., Hama, H. & Miyawaki, A. Red fluorescent protein from Discosoma as a fusion tag and a partner for
fluorescence resonance energy transfer. Biochemistry 40, 2502-2510 (2001).
7. Feng, G. et al. Imaging neuronal subsets in transgenic mice expressing multiple spectral variants of GFP. Neuron 28, 41-51 (2000).
8. Coons, A. H., Creech, H. J. & Jones, N. R. Immunological properties of an antibody containing a fluorescent group. Exp Biol Med,
200-202 (1941).
9. Conchello, J. & Lichtman, J. W. Optical sectioning microscopy. Nat. Methods 2, 920-931 (2005).
10. Santi, P. A. L. S. & Fluorescence Microscopy, A. Review. J. Histochem. Cytochem. 59, 129-138 (2011).
11. Hama, H. et al. Scale: a chemical approach for fluorescence imaging and reconstruction of transparent mouse brain. Nat. Neurosci.
14, 1481-8 (2011).
12. Ke, M.-T., Fujimoto, S. & Imai, T. SeeDB: a simple and morphology-preserving optical clearing agent for neuronal circuit
reconstruction. Nat. Publ. Gr. 16, 1154-1161 (2013).
13. Chung, K. et al. Structural and molecular interrogation of intact biological systems. Nature 497, 332-7 (2013).
14. Kuwajima, T. et al. ClearT: a detergent- and solvent-free clearing method for neuronal and non-neuronal tissue. Development 140,
1364-1368 (2013).
15. Hama, H. et al. ScaleS: an optical clearing palette for biological imaging. Nat. Neurosci. 18, 1518-29 (2015).
16. Kozai, T. D. Y., Vazquez, A. L., Weaver, C. L., Kim, S.-G. & Cui, X. T. In vivo two-photon microscopy reveals immediate microglial
reaction to implantation of microelectrode through extension of processes. J. Neural Eng. 9 (2012).
17. Kozai, T. D. Y., Eles, J. R., Vazquez, A. L. & Cui, X. T. Two-photon imaging of chronically implanted neural electrodes: Sealing
methods and new insights. J. Neurosci. Methods 258, 46-55 (2015).
18. Lee, H. C,, Ejserholm, E, Gaire, J. & Currlin, S. Histological evaluation of flexible neural implants; flexibility limit for reducing the
tissue response? ] Neural Eng. 14 (2017).
19. Turner, J. N. et al. Cerebral astrocyte response to micromachined silicon implants. Exp. Neurol. 156, 33-49 (1999).
20. Szarowski, D. H., Andersen, M. D., Retterer, S., Spence, A. J. & Isaacson, M. Brain responses to micro-machined silicon devices. Brain
Research. 983, 23-35 (2003).
21. Biran, R., Martin, D. C. & Tresco, P. A. Neuronal cell loss accompanies the brain tissue response to chronically implanted silicon
microelectrode arrays. Exp. Neurol. 195, 115-26 (2005).
22. Holecko, M. M., Williams, J. C. & Massia, S. P. Visualization of the intact interface between neural tissue and implanted
microelectrode arrays. ] Neural Eng 2, 97-102 (2005).
23. Woolley, A. ], Desai, Ha, Steckbeck, Ma, Patel, N. K. & Otto, K. J. In situ characterization of the brain-microdevice interface using
device-capture histology. J. Neurosci. Methods 201, 67-77 (2011).
24. Woolley, A. J. & Desai, H. a. & Otto, K. J. Chronic intracortical microelectrode arrays induce non-uniform, depth-related tissue
responses. J. Neural Eng. 10 (2013).
25. Dougherty, J. D., Zhang, J., Feng, H., Gong, S. & Heintz, N. Mouse transgenesis in a single locus with independent regulation for
multiple fluorophores. PLoS One 7, 40511 (2012).
26. Kursula, P. Structural properties of proteins specific to the myelin sheath. Amino Acids 34, 175-185 (2008).
27. Ricard, C. & Debarbieux, F. C. Six-color intravital two-photon imaging of brain tumors and their dynamic microenvironment. Front.
Cell. Neurosci. 8, 57 (2014).
28. Potter, K. A., Buck, A. C,, Self, W. K. & Capadona, J. R. Stab injury and device implantation within the brain results in inversely
multiphasic neuroinflammatory and neurodegenerative responses. J. Neural Eng. 9 (2012).
29. Prasad, A. et al. Abiotic-biotic characterization of Pt/Ir microelectrode arrays in chronic implants. Front. in Neuroengineering. 7 (2014).
30. Winslow, B. D. & Tresco, P. A. Quantitative analysis of the tissue response to chronically implanted microwire electrodes in rat
cortex. Biomaterials 31, 1558-67 (2010).
31. Potter-Baker, K. A. et al. A comparison of neuroinflammation to implanted microelectrodes in rat and mouse models. Biomaterials
35, 5637-46 (2014).
32. Reynaud, E. G., Peychl, J., Huisken, J. & Tomancak, P. Guide to light-sheet microscopy for adventurous biologists. Nat. Publ. Gr. 12,
30-34 (2015).
33. Jensen, K. H. R. & Berg, R. W. CLARITY-compatible lipophilic dyes for electrode marking and neuronal tracing. Sci. Rep. 6, 32674 (2016).
34. Yang, B. et al. Single-Cell Phenotyping within Transparent Intact Tissue through Whole-Body Clearing. Cell 158, 945-958 (2014).
35. Potter, K. A., Simon, J. S., Velagapudi, B. & Capadona, J. R. Reduction of autofluorescence at the microelectrode-cortical tissue
interface improves antibody detection. J. Neurosci. Methods 203, 96-105 (2012).
36. Schindelin, J. et al. Fiji: an open source platform for biological image analysis. Nat. Methods 9, 676-682 (2012).
37. Bolte, S. & Cordelieres, E. P. A guided tour into subcellular colocalisation analysis in light microscopy. J. Microsc. 224, 13-232 (2006).

w

Acknowledgements

This project was sponsored by Defense Advanced Research Projects Agency (DARPA) Microsystems Technology
Office (MTO), under the auspices of Dr. Jack W. Judy (jack.judy@darpa.mil) and Dr. Doug Weber (Douglas.
Weber@darpa.mil) as part of the Reliable Neural Technology Program, through the Space and Naval Warfare
Systems Command (SPAWAR) Systems Center (SSC) Pacific grant No. N66001-11-1-4013 and the University of
Florida Preeminent Initiative Start-up Funds. We thank Rob Haynes at University of Florida for help developing

SCIENTIFICREPORTS| (2018) 8:7182 | DOI:10.1038/s41598-018-25208-y 10



www.nature.com/scientificreports/

and guiding our mouse breeding protocol and maintaining the colony. We would like to thank Dr. Rebecca Wachs
for sharing her microscopy expertise. We would like to thanks the Capadona Laboratory at Case Western Reserve
University for sharing their MINUTE software for intensity analysis.

Author Contributions

J.G. led all aspects of the project. H.C.L., R.W,, and S.C., helped with neural implant studies. A.J.W. helped with
imaging. J.E.C. and K.J.O. supervised the project. ].C.W. and K.J.O. secured the funding. All authors contributed
to writing and revising the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:7182 | DOI:10.1038/s41598-018-25208-y 11


http://creativecommons.org/licenses/by/4.0/

	PrismPlus: a mouse line expressing distinct fluorophores in four different brain cell types

	Results

	PrismPlus mouse line successfully inherited transgenes from parental lines. 
	CNS cells expressing distinct fluorophores in different brain regions co-localize with commercially available antibodies. 
	Cellular response to brain- implanted devices in PrismPlus mice. 
	Fluorophores in PrismPlus mouse brain persist through the CLARITY clearing technique. 

	Discussion

	Methods

	Mouse strains, colony maintenance, and genotyping. 
	Microelectrode implantation. 
	Brain extraction, sectioning, and immunostaining. 
	Tissue processing for CLARITY. 
	Image acquisition, processing, and analysis. 
	Co-localization analysis. 
	Data availability. 

	Acknowledgements

	﻿Figure 1 Confocal images of fluorophores expressed in four cell types in the cortex (approximately layer III-IV) of different mouse lines.
	﻿Figure 2 Expression of distinct fluorophores in CNS cells in different brain regions in a PrismPlus mouse line.
	﻿Figure 3 Co-localization of transgenic fluorophores with standard antibodies for different cell types.
	﻿Figure 4 Cellular response to brain-implanted devices at multiple time points using PrismPlus mouse line.
	﻿Figure 5 Fluorescence intensity profile of GFP expressing activated microglia/macrophages (a) and DsRed expressing astrocytes (b) as a function of distance (away from the ellipse drawn in Fig.
	﻿Figure 6 Retention of endogenous fluorophores in PrismPlus mouse brain tissue after CLARITY.
	Table 1 List of primers used for genotyping.




