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Abstract

Highly specialized, but exceedingly small populations of cells play important roles in many tissues. The

identification of cell-type specific markers and gene expression programs for extremely rare cell subsets has

been a challenge using standard whole-tissue approaches. Gene expression profiling of individual cells allows

for unprecedented access to cell types that comprise only a small percentage of the total tissue . In addition,

this technique can be used to examine the gene expression programs that are transiently expressed in small

numbers of cells during dynamic developmental transitions .

This issue of cellular diversity arises repeatedly in the central nervous system (CNS) where neuronal

connections can occur between quite diverse cells . The exact number of distinct cell types is not precisely

known, but it has been estimated that there may be as many as 1000 different types in the cortex itself . The

function(s) of complex neural circuits may rely on some of the rare neuronal types and the genes they
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express. By identifying new markers and helping to molecularly classify different neurons, the single-cell

approach is particularly useful in the analysis of cell types in the nervous system. It may also help to elucidate

mechanisms of neural development by identifying differentially expressed genes and gene pathways during

early stages of neuronal progenitor development.

As a simple, easily accessed tissue with considerable neuronal diversity, the vertebrate retina is an excellent

model system for studying the processes of cellular development, neuronal differentiation and neuronal

diversification. However, as in other parts of the CNS, this cellular diversity can present a problem for

determining the genetic pathways that drive retinal progenitors to adopt a specific cell fate, especially given

that rod photoreceptors make up the majority of the total retinal cell population . Here we report a method for

the identification of the transcripts expressed in single retinal cells (Figure 1). The single-cell profiling

technique allows for the assessment of the amount of heterogeneity present within different cellular

populations of the retina . In addition, this method has revealed a host of new candidate genes that may

play role(s) in the cell fate decision-making processes that occur in subsets of retinal progenitor cells . With

some simple adjustments to the protocol, this technique can be utilized for many different tissues and cell

types.

Protocol

1. Cell Dissociation

1. A flowchart outlining the protocol is shown is Figure 1. For the catalog numbers of the particular reagents

used throughout this protocol, please refer to Table 1. Dissect the retina in a PBS bath. During the

dissection, it is best to remove the vitreous and the lens since keeping them with the retina can impede

the dissociation. It is not always critically important to remove all of the retinal pigment epithelium (RPE)

and in some instances it may be impossible to completely remove it. However, for single cell profiling

experiments of photoreceptors, the RPE should be removed. Failure to remove the RPE can lead to

contamination of the rod cell profiles with RPE expressed genes. This is presumably due to the

connection between the photoreceptors and the RPE.

For the dissociation, whole adult murine retinas are incubated at 37 °C for 10 min in a 1.5 ml

microcentrifuge tube containing 20 μl activated papain, 20 μl 25 mM Cysteine in 5 mM EDTA, and 360 μl

Hank's Balanced Salt Solution (HBSS) supplemented with 10 mM HEPES. Filter-tipped pipette tips are

used for all steps throughout the protocol to minimize potential contamination. The papain concentration

and the time of incubation will vary according to the age and the nature of the tissue. For example, to

dissociate developing retinas isolated at postnatal day 0 (P0), incubate the retina in 10 μl activated

papain, 10 μl 25 mM Cysteine in 5 mM EDTA, and 380 μl Hank's Balanced Salt Solution (HBSS)

supplemented with 10 mM HEPES for 10 min at 37 °C. Retinas from different species also require slightly

different conditions. Chicken retinas are thinner than mouse retinas at most stages of development. Using

10 μl activated papain, 10 μl 25 mM Cysteine in 5 mM EDTA, and 380 μl Hank's Balanced Salt Solution

(HBSS) supplemented with 10 mM HEPES for 5 min at 37 °C is sufficient to dissociate these retinas.

2. Gently tap the tube to dislodge any settled cells, then triturate gently 10-20 times with a p1000 pipettor.

Incubate for an additional 10 min at 37 °C if large clumps of tissue persist and then re-triturate 10-20

times.

3. Add 5 μl of DNase I (10 U/μl) and incubate for 5 min at room temperature. Triturate gently with a p1000

pipettor. The exact number of times will need to be determined empirically, but generally falls between
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10-20.

4. Centrifuge in a table-top centrifuge at 3000 rpm for 3 min Remove the supernatant, leaving 100-200 μl of

liquid at the bottom, and tap the tube to dislodge the pellet. Add 1 ml of HBSS and resuspend the pellet

with gentle trituration. Tapping the tube is critical here as simply resuspending the pellet with lyse many of

the retinal cells. This is especially true with adult murine retinas.

5. Centrifuge at 3000 rpm for 3 min Carefully remove the supernatant and resuspend in 450 μl of PBS

containing 0.1% BSA. It is important to remove as much of the supernatant as possible to minimize the

presence of mRNAs from lysed cells and any products from the dissociation that could inhibit future

reactions.

2. Harvesting Single Cells

1. Prepare two 6 cm dishes containing 5 ml of PBS supplemented with 0.1% BSA. Plate the dissociated cells

onto one dish and allow the cells to settle for at least 5 min. The cell density used depends greatly on the

nature of the single cells being profiled. For example, for very rare cells labeled with a fluorescent marker

such a GFP, entire dissociated retinas are plated on a single 6 cm dish. For cells that are somewhat more

abundant, fewer cells are initially plated to make it easier to harvest one (or very close to one) cell with

the first micropipette.

2. Place the plate of dissociated cells on an inverted microscope. We use the IMT-2 model from Olympus.

Using micropipettes that have been drawn to a fine tip (inner diameter 0.5 mm, outer diameter 1.04 mm)

(Figure 2) and together with an aspirator tube, harvest a single cell. The cells readily enter the

micropipette when it is placed close to them on the dish. It is critical that the aspirator tube is neither too

long nor too short for the distance to the stage associated with the inverted microscope (The aspirator

tubes we use with our inverted microscope are 38.1 cm long). If the tube is too long, cells may not be

expelled efficiently from the micropipette into the collection tube. The primary reason we use the older

IMT-2 model inverted microscope is that we have found it has the ideal distance to the stage for our

aspirator assembly tubes. After entering the micropipette, the cell (or cells) is expelled onto a second

plate (wash plate) to ensure that one and only one cell is harvested for gene expression profiling. On the

second plate it is often necessary to either remove extraneous cells with a new micropipette or move the

cell of interest to a different location to ensure that only a single cell enters the micropipette.

3. When an individual cell is completely isolated from neighboring cells, use a new micropipette to aspirate

the cell of interest as in section 2.2 and then expel it directly into a 0.2 ml PCR tube containing 4.5 μl cell

lysis buffer. The cell is expelled onto the side of the tube, being careful not to break off the tip of the

micropipette into the tube. The samples can be spun briefly in a bench top microcentrifuge to immerse

the cell in lysis buffer. This spinning is usually done after every 5th cell and then again at the end of

collection.Tubes containing single cells in lysis buffer should be kept on ice for the duration of the single

cell isolation. For optimal results, single cells are collected within a two-hour window post-dissociation.

After this time has elapsed, it is best to proceed to the reverse transcription step since additional time has

been observed to increase the chances of RNA degradation.

3. Reverse Transcription

1. Briefly spin the samples in a benchtop minicentrifuge to ensure all the single cells are immersed in the cell

lysis buffer. To promote cell lysis, incubate the sample at 70 °C for 90 sec. in a thermocycler. Immediately

place the tubes back on ice.

2. Leave the tubes on ice for 2 min. For all reagent additions, use filter-tip pipette tips to prevent



contamination. To perform the reverse transcription, add 0.33 μl Superscript III (200 U/μl), 0.05 μl RNase

Inhibitor (40 U/μl), and 0.07 μl T4 gene 32 protein. Incubate the reaction mixture for 50 min at 50 °C in a

thermocycler. Inactivate the enzyme at 70 °C for 15 min and place on ice.

3. To remove the free primer, add 0.1 μl Exonuclease Buffer (10X), 0.8 μl dH 0 (molecular biology grade),

and 0.1 μl Exonuclease I (20 U/μl). Incubate at 37 °C for 30 min in a thermocycler. Inactivate the enzyme

by incubating the reaction at 80 °C for 25 min and then placing the tubes on ice.

4. Tailing and Single-Cell PCR

1. Add 6 μl of the tailing reaction mixture and use a thermocycler to incubate the sample at 37 °C for 20

min, 70 °C for 10 min, and hold at 4 °C

2. Add 10 μl of the tailed sample to the PCR reaction mixture and perform the second strand synthesis and

PCR amplification using the following conditions:

1. 95 °C for 2 min

2. 37 °C for 5 min

3. 72 °C for 16 min

4. 93 °C for 40 sec

5. 67 °C for 1 min

6. 72 °C for 6 min, adding 6 sec per cycle

7. Go to step 4 34 times

8. 72 °C for 10 min

9. Hold at 4 °C

5. Labeling for Affymetrix Chips

1. Label 10-20 μg of cDNA (the concentration of the amplified cDNA resulting from a single cell is usually ~1

μg/μl) to obtain a robust hybridization on Affymetrix microarrays. First, fragment the cDNA by adding 10-

20 μl of the single-cell cDNA to 8 μl 1X One-Phor-All buffer and 1 μl of diluted (1:10 in 1X One-Phor-All

buffer) DNaseI in an 80 μl reaction. Incubate in a thermocycler for 13 min at 37 °C. Inactivate the DNase I

for 15 min at 100 °C and place on ice.

2. Add 20 μl 5X TdT buffer, 2.5 μl Biotin N6-ddATP (Enzo Biosciences), and 1 μl TdT (diluted 1:8 in TdT

buffer).

3. Incubate for 90 min at 37 °C, then 5 min at 65 °C. Store at -20 °C or hybridize immediately to an

Affymetrix microarray. The hybridization is performed using standard Affymetrix protocols.

6. Representative Results

To assess the quality of the cDNA, 10 μl of the cDNA sample was loaded on a 1% agarose gel. The cDNA is

mainly judged by the size range (500-2000 bp) and intensity of the cDNA smear (Figure 1 and Figure 3a). In

the gel depicted in Figure 1, every other lane shows a cDNA smear from retinal cells isolated E16.5. The

lanes in between show the resulting smears when only media is aspirated into the needle and deposited into

the PCR tube. These lanes are never completely devoid of a faint smear, but they do not show any results

when gene-specific PCR primers are used to amplify genes from them. Additionally, the intensity of the cDNA

smear can vary somewhat (compare Figure 1 and Figure 3a). In Figure 3a lanes a, f, g, and h contain robust

cDNA smears while lanes b, c, d, and e are considerably less robust.

Gene-specific PCR is used as a secondary screen of the quality of the cDNA from a single cell. The cDNAs in

2



Figure 3 were isolated from fluorescent retinal ganglion cells and they were tested using PCR primers for the

retinal ganglion cell markers Brn3b and Pax6. For this assay, 1 μl of the cDNA was subjected to PCR for 30

cycles. Real-time quantitative PCR would be a preferable assay, but it can be prohibitively expensive and is

not necessary for merely assessing the cDNA quality. All 8 of the single cells tested positive for Brn3b and 6

out 8 for Pax6 (Figure 3b). Even the cDNA smears that were less robust produced bands for Brn3b and Pax6.

Despite these PCR results, it is our experience that cDNA smears such as those in lanes b, c, d, and e do not

yield robust hybridizations on Affymetrix arrays and are generally avoided. Gene specific PCR for the

photoreceptor marker Crx was used to determine the level of contamination in the single cell cDNAs (Figure

3b). A photoreceptor marker was chosen because these cells make up the majority of the retina (~70%) and,

therefore, any cell lysis that occurred would most likely involve rod photoreceptors. There was only a faint

amount of Crx present in these cDNA preparations even after 30 cycles of PCR. Finally, this PCR-based

screen can be used to begin to determine which subsets of a particular cell type the cDNAs were derived from

before subjecting them to a full microarray profiling. This can help to prioritize the cells that are profiled, as this

is the most expensive step in the process. For example, we have identified subsets of retinal ganglion cells by

screening them for the presence of the gene Tachykinin1 (Figure 3b).

From the small PCR-based screen, particular single cells are chosen and their cDNAs hybridized to an

Affymetrix microarray. The microarray data is compared and patterns can be discovered using standard

clustering algorithms. Heatmaps, such as in Figure 4, are generated to graphically represent the data. There

are two main conclusions regarding the single cell profiling data in Figure 4. First, genes expressed in specific

cell types are found almost exclusively in those cell types after the single cell protocol is performed. In most

instances where marker genes of one cell type are found also in a second cell type, such as the observation

that bipolar cells express some "rod" genes at lower levels, this expression in the second cell type is readily

confirmed by either in situ hybridization or antibody staining. Second, within the more diverse amacrine and

ganglion cell profiles, heterogeneity of gene expression is immediately apparent. Pou4f1 is only expressed in

about 1/4 of the developing ganglion cells, while Nr4a2 and Scube2 are two examples of heterogeneously

expressed genes in different amacrine cells. In fact, the genes shown in the heatmap are just a small sample

as several hundred genes have been identified and confirmed as markers of developing ganglion cells or as

markers of different populations of amacrine cells .2,4



Figure 1. Flowchart of the single cell profiling method. First retinas are isolated and dissociated into

individual cells using papain. Second, single cells are harvested with a pulled glass needle and deposited into

PCR tubes. The cells are lysed and the cDNA amplified using reverse transcription followed by PCR. The

resulting cDNA quality is assessed on an agarose gel such as the one shown. After the DNA ladder in the first

lane, the lanes show cDNA smears from single cells (indicated by the red brackets) alternating with

amplification products from media controls. Smears of this quality (red brackets) are hybridized to Affymetrix

microarrays.

Figure 2. Photos of the needles and aspirator tube assembly. Single cells are isolated using the capillary

action of a pulled glass micropipette (inner diameter 0.5 mm, outer diameter 1.04 mm) and are transferred by

the pressure of blowing into the aspirator. It is important that the aspirator tube is both long enough to easily

manipulate and short enough to reliably discharge individual cells. A close-up view of the capillary tube pulled

into a needle is shown in B.



Figure 3. Representative example of single cell cDNA smears and gene specific PCRs. To determine

the quality of the single cell cDNA after amplification, 10 μl of each single cell sample were run on a 1%

agarose gel along with a negative control (A). A smear should appear between 500-2000 bp. Additional PCR-

based screening for specific genes can help to identify/confirm the type of cell that was isolated and the

amount of contamination present in the sample (B). Primers specific for the retinal ganglion cell markers Brn3b

and Pax6 were tested to confirm the identity of these cells (Rows 1 and 2). To assess the amount of

photoreceptor contamination in the preparation, primers specific for the photoreceptor marker Crx were used

(Row 3). Subsets of ganglion cells may also be identified through screening for markers such as Tachykinin1

(Row 4).

Figure 4. Single cell expression of marker genes. The microarray results for selected genes expressed in

22 distinct single cells are shown in a heatmap format. The intensities from the microarray signals have been

scaled to correspond with the intensity of the red color. Black indicates the absence of signal on the

microarray. The retinal ganglion cell (RGC) precursors shown were isolated from embryonic time points, while

the other cells were isolated from adult retinas.

Discussion



An ever-expanding number of studies are revealing robust cell-to-cell variability in populations that were

believed to be more homogeneous with regard to their gene expression . In at least one instance, this gene

expression "noise" has been shown to play an important biological function . Gene expression differences

between individual cells are obscured using traditional whole-tissue methods. These experiments generate the

expression profile of an "average" cell, which may not be representative . Here we present a method for the

isolation and identification of the gene expression patterns from single retinal cells. The study of individual

cells allows researchers to probe the cellular heterogeneity underlying complex tissues, which is critical for

determining distinctive gene expression patterns of various cell types. Additionally, single-cell isolation can

provide insight into the gene programs driving the activity of individual cells in time points throughout

development. Though especially useful in studying the nervous system, where the functioning of complex

cellular networks can depend on the unique gene expression of rare cell types, this protocol can be adapted to

isolate individual cells from various tissues.

In the early-developing murine retina, ganglion cells, horizontal cells, cone photoreceptor cells and amacrine

cells are all generated in an overlapping window of time . Additionally, each cell that has exited the cell cycle

is in a different stage of maturation and this fact only adds to the complexity of the developing retina. Finally,

for some types of retinal neurons, there exist numerous different morphologies (up to ~30 in the case of

amacrine cells) in the mature retina . Since the retina is such a mixture of cell types, microarray and serial

analysis of gene expression (SAGE) based studies  that relied on the homogenization of the entire retina

are unable to uncover markers genes expressed in rare subtypes and unable to resolve dynamic gene

expression differences between cell types, especially during development. To begin to understand the

complexity of different cell types both in the adult retina and during retinal development, the single cell gene

expression profiles of ~200 individual cells from many different time points have been analyzed . The

resulting data has provided a host of new markers for individual cell types and provided a window into

important transitions in developmental time that were previously unappreciated.

The single cell expression profiles have revealed considerable heterogeneity in gene expression in amacrine

cells , where it was expected, and in Müller glia cells, where it was unexpected . While an examination of the

single amacrine cell data revealed more than 450 genes that were expressed in amacrine cells and excluded

from other retinal cell types, none of these genes were expressed in all the amacrine cells . These results

most likely arise from the fact that the amacrine cell class is extremely diverse and the underlying

heterogeneity is a reflection of the distinct functions of these cells. These findings would not have been

possible using whole tissue-based approaches. Finally, cycling retinal progenitor cells (RPCs) displayed the

highest degree of heterogeneity in gene expression of any of the retinal cell types profiled . Transcription

factors were the class of genes with the highest degree of heterogeneity among the progenitor cells,

suggesting that dynamic gene expression patterns could play a major role in the development of the different

retinal cell types . Again, these results would not have been possible without the use of the single cell gene

expression profiling technique.

Single cell transcriptome studies can also be utilized to gain insight into disease mechanisms. In many

neurodegenerative diseases, including retinal degenerative diseases, some neurons die while the neighboring

neurons survive . Understanding why some cells undergo apoptosis requires the identification of genes or

gene programs that are altered in individual cells in these disease models. Whole-tissue models will again

potentially obscure the changes since cells often do not die at the same time and, therefore, at any given time

the tissue is a mixture of dying and surviving cells. Additionally, for many cancers the cell of origin is an open
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question. This is particularly the case with the childhood eye tumor retinoblastoma. Recently using the single

cell profiling protocol detailed here, it was shown that individual cells from retinoblastomas possess gene

expression programs of multiple cell types . It appears that these cells are hybrids of undifferentiated

progenitor cells and neurons . These experiments required an analysis at the single cell level and would not

have been possible with whole tissue approaches.

Alternative approaches

Linear amplification is an alternative to the PCR-based amplification protocol detailed here. While PCR-based

amplification is believed to result in a skewing of abundance relationships, linear amplification is thought to

maintain these relationships . The technique of linear amplification has been used to profile several neuronal

types . However, direct comparisons between the two methods have indicated that the linear amplification

technique can be associated with a high false negative rate . We favor the PCR-based method detailed in

this report for two reasons. First, in our experiments we focus on genes with robust expression differences

between cells. Second, we have found a very good correlation between our single cell microarray profiling

experiments and in situ hybridization studies for the same genes. In fact, to date we have performed in situ

hybridizations for hundreds of genes and have observed at least 75% match the predicted pattern from the

microarrays. This is most likely a conservative estimate since the most common reason for a discrepancy is a

lack of signal from the in situ probe.
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