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Abstract

Neurons are classified into several morphological types according to the locations of their somata and the branching pat-
terns of their axons and dendrites. Recent studies suggest that these morphological features are related to their physiological
properties, including firing characteristics, responses to neuromodulators, and wiring patterns. Therefore, rapid morphologi-
cal identification of electrophysiologically recorded neurons promises to advance our understanding of neuronal circuits.
One of the most common anatomical cell identification methods is neuronal reconstruction with biocytin delivered through
whole-cell patch-clamp pipettes. However, conventional reconstruction methods usually take longer than 24 h and limit the
throughput of electrophysiological experiments. Here, we developed a quick, simple cell reconstruction method by optimiz-
ing the tissue clearing protocol ScaleSQ. We found that adding 200 mM NaCl almost entirely prevented tissue swelling
without compromising optical clearing ability. This solution, termed IsoScaleSQ, allowed us to increase the transparency
of the gray matter of 500-um-thick slices within 30 min, meaning that the total time required to reconstruct whole-cell
recorded neurons was reduced to 1 h. This novel method will improve the efficacy and effectiveness of electrophysiological
experiments linked to cell morphology.
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Introduction pyramidal cells located in the deep layer of the CA1 subarea

exhibit higher firing rates and are more likely to have place

Neurons show diversity in the locations of their somata and
their subcellular morphologies (Larkman and Mason 1990;
Markram et al. 2004; Klausberger and Somogyi 2008). These
morphological features of neurons are associated with their
electrophysiological properties. For example, hippocampal
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fields than those located in the superficial layer (Mizuseki
et al. 2011). In addition to being categorized according to
their location, CA1 pyramidal cells are also divided into two
subgroups based on dendritic morphology. These two types
of pyramidal cells are modulated in opposite directions by
acetylcholine (Graves et al. 2012). A large-scale connectivity
analysis coupled with morphological identification of neu-
rons revealed that the intrinsic cortical microcircuit in the
visual cortex is governed by only a few types of connectivity
motifs (Jiang et al. 2015). However, these pieces of informa-
tion have not been fully integrated into a generalized model,
so more post hoc morphological characterization of electro-
physiologically recorded neurons are still required.

One of the major methods used for this purpose is neu-
ronal reconstruction with biocytin delivered during whole-
cell patch-clamp recordings (Margrie et al. 2002). The
whole-cell patch-clamp technique is a powerful method
that can monitor the subthreshold membrane potential
of a single neuron with a high signal-to-noise (SN) ratio
and high temporal resolution (Neher 1992). Using an

@ Springer


http://orcid.org/0000-0002-5335-7551
http://crossmark.crossref.org/dialog/?doi=10.1007/s12565-018-00473-z&domain=pdf

200

Y. Sato et al.

intrapipette solution containing biocytin, one can recon-
struct the fine-scale morphology of the recorded cells post
hoc via visualization with avidin conjugates (Horikawa
and Armstrong 1988). However, the current protocol
requires as long as 24 h to complete fixation and labeling,
precluding the user from confirming the result on the day
of the recording. In addition, light scattering of brain tis-
sues prevents the user from observing the labeled neurons
when they are located deep in the tissues.

To facilitate studies associating the electrophysiological
properties of neurons with their cellular morphology, we
focused on optical clearing techniques (Chung et al. 2013;
Ke et al. 2013; Yang et al. 2014; Hama et al. 2015; Ku
et al. 2016; Pan et al. 2016; Kubota et al. 2017) for the fol-
lowing two reasons: (1) some optical clearing techniques
permeabilize the treated samples, facilitating the penetra-
tion of proteins into the tissues (Chung et al. 2013; Yang
etal. 2014), and (2) suppressing the background scattering
of light allows the user to achieve sufficiently high SN
ratios to observe the subcellular structures of neurons in
deeper tissues, which may render post hoc sectioning of
the tissue unnecessary.

In the present study, we focused on ScaleSQ, a quick
clearing protocol for thick slices, because ScaleSQ consists
of shorter procedures and preserves more intact membrane
structures than other clearing protocols (Hama et al. 2015).
This latter feature is of particular importance because biocy-
tin is a small molecule and may leak out of the cell when the
membrane structure is damaged. However, one drawback of
ScaleSQ is the swelling of sample tissues (Hama et al. 2015).
Sample swelling increases the risk of distortion of neurons
and neurites, an occurrence that is undesirable for accurately
evaluating the neuronal morphology. To reduce the swelling,
we added NaCl to the clearing solution; this trick is used
in another clearing protocol, CUBIC1A (Susaki and Ueda
2016), to alleviate excess swelling. With other refinements in
the protocol, we optimized ScaleSQ for the simple and quick
reconstruction of whole-cell recorded neurons. We refer to
the modified ScaleSQ herein as IsoScaleSQ.

Methods
Preparation of the IsoSca/eSQ solution

The IsoScaleSQ solution was prepared using the following
reagents: 9.1 M urea (Nacalai Tesque, 35904-45), 22.5%
(v/w) p-sorbitol (Wako Pure Chemical Industries, 198-
03755), 200 mM sodium chloride (Nacalai Tesque, 31319-
45), and 2% (v/w) Triton X-100 (Nacalai Tesque, 35501-15).
The reagents were dissolved in water and stirred until well
mixed.
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Animal ethics

ICR mice (Japan SLC, Shizuoka, Japan) and Arc-dVe-
nus transgenic mice (line D) (Eguchi and Yamaguchi
2009) were used in these experiments. Animal experi-
ments were performed with the approval of the animal
experiment ethics committee at the University of Tokyo
(approval number: P29-9) and according to the University
of Tokyo guidelines for the care and use of laboratory
animals. These experimental protocols were carried out in
accordance with the Fundamental Guidelines for Proper
Conduct of Animal Experiments and Related Activities in
Academic Research Institutions (Ministry of Education,
Culture, Sports, Science and Technology, notice no. 71
of 2006), the Standards for Breeding, Housing, and Pain
Alleviation for Experimental Animals (Ministry of the
Environment, notice no. 88 of 2006), and the Guidelines
on Methods of Animal Disposal (Prime Minister’s Office,
notice no. 40 of 1995). All animals were housed under a
12/12-h dark-light cycle (light from 07:00 to 19:00) at
22 +1 °C with ad libitum food and water.

Slice preparation for in vitro electrophysiology

Acute slices were prepared from the medial to the ven-
tral part of the hippocampal formation. Postnatal 21- to
28-day-old male ICR mice were deeply anesthetized
with isoflurane and decapitated. The brains were rapidly
removed and horizontally sliced (400 um thick) using a
vibratome and an ice-cold oxygenated (95% O,, 5% CO,)
cutting solution consisting of 222.1 mM sucrose, 27 mM
NaHCO;, 1.4 mM NaH,PO,, 2.5 mM KCI, 1 mM CacCl,,
7 mM MgSO,, and 0.5 mM ascorbic acid. One to three
slices per mouse were used in the experiments. Slices
were incubated at 35 °C for 30 min and were maintained
for at least 30 min at room temperature in a submerged
chamber filled with oxygenated artificial cerebrospinal
fluid (ACSF) containing 127 mM NaCl, 3.5 mM KClI,
1.24 mM NaH,PO,, 1.3 mM MgSO,, 2.4 mM CacCl,,
26 mM NaHCOj;, and 10 mM p-glucose.

In vitro electrophysiology

Whole-cell current-clamp recordings were obtained from
CA1 pyramidal cells, which were targeted using infrared
differential interference contrast microscopy (IR-DIC).
Patch pipettes (3-8 MQ) were filled with a potassium-
based solution consisting of 135 mM potassium gluconate,
4 mM KCl, 10 mM HEPES, 10 mM creatine phosphate,
4 mM Mg-ATP, 0.3 mM Na,-GTP, 0.3 mM EGTA, and
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0.2% biocytin. Recordings were performed for at least
15 min in a submerged chamber perfused at 8 ml/min with
oxygenated ACSF at 33-35 °C. Pyramidal cells were iden-
tified by their regular spiking properties and by post hoc
histological analysis.

Surgery for in vivo electrophysiology

Whole-cell recordings were obtained from postnatal 28- to
40-day-old male ICR mice as previously described (Ishi-
kawa et al. 2014; Funayama et al. 2015). The mice were
anesthetized with urethane (2.25 g/kg, intraperitoneal [i.p.]).
Anesthesia was confirmed by the lack of paw withdrawal,
whisker movement, and eye-blink reflexes. The skin was
subsequently removed from the head, and the animal was
implanted with a metal head-holding plate. A craniotomy
(2.5%2.0 mm?) was performed, with its center at 2.0 mm
posterior to the bregma and 2.5 mm ventrolateral to the sag-
ittal suture, and the neocortex above the hippocampus was
aspirated (Kuga et al. 2011; Sakaguchi et al. 2012). The
exposed hippocampal window was covered with 1.7% agar
at a thickness of 1.5 mm.

In vivo electrophysiology

Patch-clamp recordings were obtained from neurons in the
CA1 stratum pyramidale (AP: —2.0 mm; ML: 2.0 mm; DV:
1.1-1.3 mm) using borosilicate glass electrodes (4—7 MQ).
Pyramidal cells were identified by their regular spiking
properties and by post hoc histological analysis. For current-
clamp recordings, patch pipettes were filled with a potas-
sium-based solution consisting of (in mM) 135 potassium
gluconate, 4 KCI, 10 HEPES, 10 creatine phosphate, 4 Mg-
ATP, 0.3 Na,-GTP, 0.3 EGTA, and 0.2% biocytin.

Histology

For the visualization of patch-clamped neurons, the slices
were fixed in 10% paraformaldehyde with 0.1% Hoechst
33342 (Thermo Fisher Scientific; H1399) or 1% acridine
orange (Sigma—Aldrich; A6014) at 4 °C for 30 min (in
vitro), or the brains were coronally sectioned at a thick-
ness of 500 pm using a brain matrix (Brain Science Idea.
Co., Ltd., Osaka, Japan; MBS-S0.5C). The sections were
fixed in 10% paraformaldehyde with 0.1% Hoechst 33342
or 1% acridine orange at 4 °C for 30 min (in vivo). After
the solution was washed out, the sections were incubated
in IsoScaleSQ with 2 pg/ml streptavidin-Alexa Fluor 594
conjugate (Thermo Fisher Scientific; S11227) for 30 min
at 37 °C. Fluorescent images were acquired using a confo-
cal microscope (FV1200; Olympus, Tokyo, Japan) and were
subsequently merged.

Behavioral procedure and dVenus visualization

Arc-dVenus transgenic mice were transferred from their
home cages to an environmentally enriched space and were
allowed to explore it for 5 h (enriched environment group).
Then the brains were removed and coronally sectioned at
a thickness of 500 pm using a vibratome, and the sections
were fixed in 10% paraformaldehyde with 0.1% Hoechst
33342 at 4 °C for 30 min. After the solution was washed
out, the sections were incubated in IsoScaleSQ for 30 min at
37 °C. Fluorescent images of layers 2/3 and 5 of the primary
visual cortex were acquired using a confocal microscope and
were subsequently merged.

Measurement of transmittances

The transmittances of regions of interest (ROIs) were
calculated using the following formula: (brightness of
ROI —brightness of ROI (not clearing))/(brightness of trans-
mitted light — brightness of ROI (not clearing)). Grids within
a ROI were excluded from analysis.

Statistical analysis

A paired ¢ test was used to compare areas of the hippocam-
pus before and after swelling in reagents (ScaleSQ(5),
ScaleSQ(2), and IsoScaleSQ) for 30 min (Fig. 1b). Two-way
analysis of variance (ANOVA) was used with the Bonferroni
correction to compare transmittance between two groups
(ScaleSQ(2) and IsoScaleSQ) among twelve time points
(Fig. 2¢) and to compare transmittance among three regions
(hippocampus, cortex, thalamus) from five groups defined
by different slice thicknesses (100 um, 300 um, 500 pm,
700 pm, 900 um) (Fig. 3b—d). One-way ANOVA was used
with the Bonferroni correction was used to compare trans-
mittance among the five slice-thickness groups (100 pm,
300 pm, 500 pm, 700 pm, 900 um) (Fig. 3b—d). Student’s ¢
test was used to compare the tortuosities of neurons visu-
alized using the conventional method and our IsoScaleSQ
method (Fig. 5d). Differences were considered to be signifi-
cant at P <0.05. Data are reported as the mean =+ standard
error (SEM).

Results

The optical clearing procedure using ScaleSQ is reported to
swell biological tissues, but the swelling has not been quanti-
fied. We applied ScaleSQ(5) or ScaleSQ(2) to 500-um-thick
coronal slices of the brain hemisphere at 37 °C for 30 min
and measured their sectional areas (Fig. 1a). ScaleSQ(5) and
ScaleSQ(2) differed in their detergent concentrations; the
former contained 5% Triton X-100 and the latter contained
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Fig. 1a-d No tissue swell-

ing by ScaleSQ in the pres-
ence of NaCl. a Bright-field
macroscopic images were
acquired 0 min and 30 min
after continuous treatment of
brain hemisphere slices with
ScaleSQ(5), ScaleSQ(2), or
IsoScaleSQ. The grid interval
is 2 mm. b The sectional areas
of the hippocampus were meas-
ured 0 min and after 30 min of
treatment with optical clearing
reagents. Tissues swelled in
ScaleSQ(5) and ScaleSQ(2), but
not in IsoScaleSQ [n =10 slices
from two mice (ScaleSQ(5)),
n=11 slices from two mice
(ScaleSQ(2)), n=16 slices
from four mice (IsoScaleSQ),
*#%P <0.001, paired 7 test].

¢ Bright-field macroscopic
images were acquired 0 min
and 30 min after the treatment
of brain hemisphere slices with
IsoScaleSQ containing 300 mM
or 400 mM NacCl. d The sec-
tional areas of the hippocampus
were measured 30 min after
treatment with optical clearing
reagents. n=09 slices from two
mice (300 mM), n=9 slices
from two mice (400 mM),

#P <0.001 versus 0 min, paired
1 test
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Fig. 2a-c Clearing efficiency of IsoScaleSQ. a, b Time-lapse imag-
ing of ScaleSQ(2) and IsoScaleSQ-treated 500-um-thick slices. The
grid interval is 2 mm. ¢ Time-dependent changes in the transparency
of the slices were quantified in the hippocampus. The transparency

2%. ScaleSQ(2) was employed because a lower concentra-
tion of the detergent was expected to suppress the swell-
ing. Treatment with ScaleSQ(5) and ScaleSQ(2) increased
the tissue areas by 37.6+3.8% (Fig. 1b, mean + SEM of 10
slices from two mice, P=8.5x 107>, ty=6.73, paired ¢ test)
and 31.7+3.7% (n=11 slices from two mice, P=8.4x 1074,
tg=5.18), respectively. Thus, both solutions induced tis-
sue swelling. To suppress the swelling, we incorporated a
trick used in CUBIC1A (Susaki and Ueda 2016). Thus, we
added NaCl to ScaleSQ(2) at a concentration of 200 mM
NaCl. The change in the sectional area caused by the treat-
ment of this solution was 0.8 +1.5% (n=16 slices from
four mice), and there was no significant difference between
the areas before and after the treatment (Fig. 1b; P=0.91,
t;5=0.12, paired ¢ test). Thus, we concluded that 200 mM
NaCl-added ScaleSQ(2) induced no apparent swelling. We
refer to this new solution herein as IsoScaleSQ. Incidentally,
further increases in the concentration of NaCl caused tissue
shrinkage at 30 min (Fig. 1c, d; 300 mM: 96.9 +3.4%, n=9
slices from two mice; 400 mM: 85.4 +2.4%, n=9 slices
from two mice). Therefore, 200 mM NaCl was an optimal
concentration.

The original procedure for ScaleSQ clearing consists of
two steps: a clearing process and a refractive index match-
ing process with a high sugar content solution (ScaleS4(0))
(Hama et al. 2015). However, we found that clearing with
IsoScaleSQ alone was sufficient to make the gray matter

increased rapidly within 10 min and reached a plateau after 30 min.
Error bars are SEMs of nine slices from two mice (ScaleSQ(2)) and
16 slices from four mice (IsoScaleSQ)

of a 500-um-thick slice transparent. Therefore, we skipped
the refractive index matching process and were thus able to
simplify and shorten the entire clearing procedure.

We next optimized the incubation time for IsoScaleSQ
clearing. We measured time-dependent changes in light
transmittance of the hippocampus in slices treated with
ScaleSQ(2) or IsoScaleSQ at 37 °C (Fig. 2a, b). The light
transmittance of ScaleSQ(2)-treated samples increased
up to 63.9+3.1% within 10 min (mean + SEM of 9 slices
from two mice) and thereafter increased slowly, reaching
67.6+2.6% at 30 min and 74.7 +2.4% at 60 min (Fig. 2c;
n=9 slices from two mice). IsoScaleSQ treatment produced
similar results. The light transmittance reached 65.4 +2.9%,
70.0+1.1%, and 73.7 £ 1.6% at 10, 30, and 60 min, respec-
tively (Fig. 2c; n=16 slices from four mice). Thus, the
addition of NaCl did not affect the clearing properties of
IsoScaleSQ (P=0.13, F| ,,4=14.0, two-way ANOVA with
the Bonferroni correction). We adopted a 30-min incubation
time in the subsequent experiments.

We next quantified the light transmittance as a function
of the thickness of brain slices. The brains were coronally
sliced at thicknesses of 100 um (n =10 slices from four
mice), 300 um (n =12 slices from two mice), 500 um (n=16
slices from four mice), 700 um (n=12 slices from two
mice), or 900 um (n =10 slices from two mice), and were
fixed with PFA. The light transmittance of the hippocam-
pus after incubation with IsoScaleSQ at 37 °C for 30 min
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Fig.3a-d Transparency of IsoScaleSQ-treated slices at different
thicknesses. a Bright-field microscopic images were taken before and
30 min after IsoScaleSQ treatment of brain slices at thicknesses of
100, 300, 500, 700, and 900 um. The grid interval is 2 mm. b—d The
transmittances were quantified in the hippocampus (b), the neocortex

was 78.5+1.8%, 72.8+1.3%,70.0+1.1%, 42.4 +1.7%, and
41.1+1.3% at 100, 300, 500, 700, and 900 pum, respectively
(Fig. 3a, b). There was a sudden decrease in light trans-
mittance between 500 and 700 um. In the neocortex, the
light transmittance also decreased steeply between 500 and
700 um (Fig. 3c). The transmittance of the thalamus was
59.8+7.2%, 40.0+2.2%, 40.8 £2.5%, 15.1 £ 1.4%, and
13.2+0.7% at 100, 300, 500, 700, and 900 um, respec-
tively; these values were consistently lower than for two
other regions (Fig. 3d; P=2.0x 107", Fy 173=298.6 vs.
hippocampus, P=3.6x 107", Fy 173=298.6 vs. cortex,
two-way ANOVA with the Bonferroni correction). In gen-
eral, the white matter of the tissue was less well cleared
using IsoScaleSQ. For example, the light transmittance was
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(¢), and the thalamus (d). n=10 slices from four mice (100 um), 12
slices from two mice (300 um), 16 slices from four mice (500 um),
12 slices from two mice (700 um), 10 slices from two mice (900 um)
each. *P<0.05 and ***P<0.001 versus 100 pm. Two-way ANOVA
followed by the Bonferroni correction

73.9+1.2% at the lobes and 35.9 +2.3% at the fissures of
the cerebellum in IsoScaleSQ-treated 500-um-thick slices
(n=12 slices from two mice). Thus, our IsoScaleSQ-based
clearing protocol was applicable to the gray matter of up to
500-pm-thick slices.

Staining of the cell nuclei helps to identify the location
of a given neuron in a brain region. Among the dyes used
for nuclear staining, Hoechst 33342 and acridine orange are
known to penetrate well into fixed tissues. Thus, we quanti-
fied the penetration of these dyes in 30 min. The neocortex
was coronally sliced at thicknesses of 500 pm and 1000 um
and fixed with 10% PFA at 4 °C for 30 min. During fixation,
0.1% Hoechst 33342 and 1% acridine orange were added
to the PFA solution. To evaluate the penetration of these
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dyes, we perpendicularly sectioned the slices and confocally
imaged the cross-sections (Fig. 4a). Both dyes stained the
nuclei near-uniformly across the Z-axis of 500-um-thick
slices (Fig. 4b). In 1000-pum-thick slices, acridine orange
provided uniform tissue staining, but Hoechst 33342 did
not strongly stain deep parts of the tissues (Fig. 4c). These
results suggest again that the brain should be sliced at thick-
nesses 500 um or thinner for IsoScaleSQ clearing.

The cell reconstruction protocol conventionally involves
overnight fixation and overnight histology (Fig. 5a, b). As
a result, the entire procedure usually takes more than 24 h.
Based on the optimizations described above, we aimed
to establish a simple and quick reconstruction of in vitro
patch-clamped neurons using IsoScaleSQ. After filling
neurons with biocytin during recordings of > 15 min, we
fixed the slices with 10% PFA at 4 °C for 30 min. This pro-
cess was conducted simultaneously with Hoechst 33342
staining. The fixed tissues were briefly rinsed with PBS
three times and were immersed in the IsoScaleSQ solu-
tion containing Alexa Fluor 594-conjugated streptavidin
at 37 °C for 30 min (Fig. 5a, c). Fluorescence microscopic
inspection revealed that the soma location was identified
against Hoechst 33342 staining and that the soma and
dendrites were finely reconstructed. To quantify the pos-
sible distortions, we calculated the tortuosity d/D of the
dendrites of the reconstructed neurons, where D repre-
sents the straight-line distance between two ends of each
dendrite segment and d represents the path length between
them (Ke et al. 2013). The tortuosity did not statistically
differ between two groups, suggesting no apparent dis-
tortions in subcellular morphology (Fig. 5d; the conven-
tional method: 1.049 +0.003, n =180 from two neurons;
IsoScaleSQ method: 1.049 +0.003, n =286 from five neu-
rons. P=0.87, t4,,=0.17, Student’s ¢ test). These results

B 500 um thick

Fig. 4a-c Nucleus labeling of thick slices using acridine orange and
Hoechst 33342. a Schematic drawing of optical Z-sectioning (indi-
cated by the hatched area) in a slice preparation. b Confocal Z-sec-
tions of a 500-um-thick slice treated with Hoechst 33342 and acridine
orange for 30 min. In the inset graphs, their normalized fluorescence

0.0 1.00.0 1.0

indicate that this protocol is applicable for the post hoc
morphological classification of recorded cells, despite its
experimental ease. We also applied this protocol for the
reconstruction of in vivo patch-clamped cells. In a con-
ventional protocol, one must prepare thin sections using
vibratomes, but in this study we cut unfixed whole-brain
tissues into 500-um-thick coronal slices using brain matri-
ces and then visualized the cell using the same procedure
described above, except for treatment with IsoScaleSQ
and streptavidin for 1 h. Instead of 30 min of incubation,
we selected 1 h of incubation so that streptavidin could
penetrate deep inside the tissue; note that in vivo patch-
clamped cells may be located in deeper parts of the tissues.
As aresult, in vivo patch-clamped cells were successfully
visualized within a total procedure time of 1.5 h (n=35,
data not shown). The 1-h incubation with IsoScaleSQ
caused slight swelling (114.3 +2.9%). Alternatively, users
may employ 300 mM NaCl, leading to little swelling at 1 h
of incubation (101.6 +4.0%, n=9 slices from two mice).

ScaleSQ preserves the fluorescent proteins (Hama et al.
2015). To examine whether IsoScaleSQ quenches fluo-
rescent proteins, we cleared brain slices prepared from
Arc-dVenus transgenic mice in which the fluorescent pro-
tein dVenus is expressed in a neuronal-activity-dependent
manner (Eguchi and Yamaguchi 2009). These mice were
transferred from their home cage to an environmentally
enriched space and were allowed to explore it for 5 h.
The brains were then removed and cleared using the same
protocol as used for in vivo whole-cell recorded neurons.
IsoScaleSQ was unlikely to strongly quench fluorescent
protein. We observed that dVenus was more abundantly
expressed in layers 2/3 and 5 of the primary visual cortex
compared to slices prepared from the home-cage control
group (Fig. 6).

Hoechst

Hoechst
C 33342

33342 1000 pm thick

| —

Normalized intensity

0.0 1.0 0.0 1.0
Normalized intensity

intensities are plotted as a function of depth. ¢ The same as b, but for
a 1000-um-thick slice. Acridine orange but not Hoechst 33342 per-
meated the slice. The same experiments were repeated in ten slices
from each of two mice (500 um) and two slices from one mouse
(1000 pm), producing similar results. Scale bars represent 100 um
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12h

24h

A Conventional 0h
method | | I ;

Fixation
4% PFA and 0.05% glutaraldehyde
(4°C, overnight)

IsoScaleSQ 0h 1

Histology Mounting

0.2% Triton X-100

Streptavidin-Alexa Fluor 594 conjugate (1:500)

0.4% NeuroTrace 435/455 Blue Fluorescent Nissl Stain
or Hoechst 33342

(4°C, overnight)

Mounting

Streptavidin-Alexa Fluor 594 conjugate (1:500)

method
Fixation Clearing / Histology
10% PFA IsoScaleSQ
Hoechst 33342 (1:1000)
(4°C, 30min) (37°C, 30min)

B Conventional method

Biocytin Hoechst

Fig. 5a-d Quick and simple reconstruction using IsoScaleSQ. a
Experimental schedules for the post hoc visualization of the recorded
cells. b, ¢ In vitro whole-cell recorded cells are reconstructed in
500-um-thick slices using the conventional method (b) and the
IsoScaleSQ-based method (c). The cell nuclei are counterstained
using Hoechst 33342. The same experiments were repeated in a total

Discussion

In this study, we modified ScaleSQ—a rapid clearing pro-
tocol—to reduce tissue swelling, and optimized the histo-
logical reconstruction of cells after whole-cell patch-clamp
recording. We found that the addition of 200 mM NaCl to
the ScaleSQ solution suppresses tissue swelling without
compromising the clearing efficiency (at least in the gray
matter of the brain) or inducing any apparent distortion of
subcellular neuronal structures. Refractive index matching
was dispensable for IsoScaleSQ to clear S00-um-thick slices.
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of two slices (conventional) and five slices (IsoScaleSQ) each, pro-
ducing similar results. Scale bars are 100 pm. d Tortuosity of the
dendrites of reconstructed neurons in each group. n = 180 from 2
neurons (conventional), 286 from 5 neurons (IsoScaleSQ), Student’s
1 test

As aresult, IsoScaleSQ shortens the total time required for
reconstruction down to 1 h for in vitro patch-clamped neu-
rons and 1.5 h for in vivo patch-clamped neurons. Thus, this
protocol is routinely applicable to the characterization of
recorded neurons within the day of recording. Furthermore,
we demonstrated that IsoScaleSQ does not quench fluores-
cent proteins.

The successful visualization achieved using IsoScaleSQ
seems to be due, at least in part, to the membrane-preserv-
ing characteristics of ScaleSQ. It is necessary to ensure that
biocytin remains inside the whole-cell recorded neurons. In
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Fig.6a-b Fluorescence detection of green fluorescent proteins in
IsoScaleSQ-treated tissues. a A representative confocal image of
the V1 cortex in a slice prepared from an Arc-dVenus transgenic
mouse housed in its home cage. The cell nuclei are counterstained
using Hoechst 33342. Scale bar represents 200 um. b The same as
a, but for a slice prepared from an Arc-dVenus transgenic mouse that

fact, when we tried to visualize whole cell patch-clamped
cells using the CUBIC1A protocol (Susaki and Ueda 2016),
a protocol that does not preserve the cell membrane, we
failed to visualize the cells in most cases. We occasionally
observed some neurons under extreme conditions with a
strong laser power and a long exposure time; however, even
in those cases, we were not able to capture the fine mor-
phological structures of the cells (data not shown). Stronger
fixation with glutaraldehyde might suppress the possible
leakage of biocytin, but the strong fixation usually slows
the clearing step.

Swelling and shrinkage of tissues are frequent problems
with clearing procedures (Ke et al. 2013; Chen et al. 2015;
Hama et al. 2015; Ku et al. 2016; Pan et al. 2016; Kubota
et al. 2017). These tissue volume changes are produced by
multiple factors; in the cases of ScaleSQ and IsoScaleSQ, we
speculate that tissue swelling depends on protein crosslink-
ing (Ku et al. 2016) and osmotic pressure caused by ions that
are immobilized within a tissue (Ricka and Tanaka 1984).

In general, the degree of swelling depends on the types of
crosslinkers present within the tissue. For example, tissues
that are strongly crosslinked by formaldehyde and acryla-
mide-bisacrylamide hydrogel are subject to only moderate
swelling after SDS-based delipidation (Chung et al. 2013).
Indeed, the omission of bisacrylamide from the hydrogel
results in severe swelling (Yang et al. 2014). Thus, the
degree of crosslinking is a major factor that influence on the
tissue volume. It is also known that higher concentrations
of acrylamide during crosslinking are associated with larger
volumes of delipidated tissues, probably because acrylamide
prevents protein crosslinking by quenching reactive methyl-
ols formed through the protein—formaldehyde reaction (Ku
et al. 2016). This fact suggests that both the presence of
crosslinker proteins and their structure affect the tissue vol-
ume. The swelling induced by ScaleSQ may be explained in

Enriched Environment

dVenus Hoechst

was allowed to explore an enriched environment for 5 h. The boxed
region is magnified in the left inset, in which dVenus-positive cells
are observed. The same experiments were repeated in a total of two
mice (enriched environment) and one mouse (control) each, produc-
ing similar results. Scale bars represent 200 um and 50 pm

a similar way. Urea, which accounts for 25% of the solution,
is a strong denaturant and may induce tissue swelling by
unfolding the structure of the crosslinkers.

Sodium polyacrylate swells when it is immersed in deion-
ized water because the immobilized, dissociable carboxylic
groups in the polymer increase the osmotic pressure (Ricka
and Tanaka 1984). However, when sodium polyacrylate is
immersed in solutions containing high concentrations of
cations, the swelling is reduced because the immobilized
carboxylic groups do not dissociate. In chemical terms,
fixed biological samples are regarded as ionic hydrogels,
such as sodium polyacrylate. Therefore, we consider that
the suppression of tissue swelling by NaCl is mediated by its
high concentration of sodium ions, which act as counterions
against the carboxylates of amino acids.

The exact reason for the slight acceleration of clearing
by IsoScaleSQ is unclear. It may involve the suppression
of background light scattering and permeabilization of tis-
sues, both of which are due to the high concentration of
Triton X-100 and urea in the IsoScaleSQ solution. Within
30 min, IsoScaleSQ optically cleared the gray matter of
500-pm-thick brain slices. Therefore, our method is appli-
cable not only to hippocampal neurons but also to corti-
cal and cerebellar neurons. However, the clearing of white
matter was insufficient for the morphological classification
of neurons. Hence, we still recommend the conventional
method for observing biocytin-reconstructed cells in the
white matter.

Remarkably, recent developments in optical clearing tech-
niques may permit near-complete transparentization of fixed
tissues—a major goal of these methods. However, in regard
to applying these techniques to electrophysiological experi-
ments in the field of neuroscience, the preferred goal is not
necessarily finished tissue transparency but rather procedural
convenience and rapidity of the clearing procedure. Future
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aims for the development of clearing techniques should
include more rapid clearing that transparentizes the white
matter or thicker samples without changing the tissue size
at the macroscopic or microscopic scale.
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