
www.BioTechniques.com293Vol. 60 | No. 6 | 2016

The female non-obese d iabet ic 
(NOD) mouse is a widely studied 
and validated mammalian model of 
type 1 diabetes mellitus (TIDM). Our 
current understanding of the patho-
genesis of TIDM in this animal model 
indicates that dendritic cells and 
macrophages, followed by T cells, 
are f irst observable in and around 
pancreatic islets at ~4 weeks of age 
(1,2). After sufficient T cell-mediated 
destruction of b-cell mass occurs, the 

onset of clinically apparent diabetes 
results, and 60%–100% of female NOD 
mice spontaneously develop overt 
diabetes by 4–6 months of age (3,4), 
depending on environmental factors 
and variability between mouse colonies 
(5). There are significant differences in 
the degree and nature of insulitis seen 
in the diabetic NOD mouse pancreas 
(diffuse and robust) compared with the 
insulitis in a new-onset TIDM patient 
(often, focal and modest) (2,6). Impor-

tantly, distribution of b cells in the islet 
differs between rodents and humans 
(7). Nevertheless, there are major 
similarities between NOD and human 
TIDM, from the genetic l inkage to 
specific human leukocyte antigen (HLA) 
subtypes and the contribution of major 
histocompatibility complex (MHC) class 
1 overexpression to TIDM aggres-
siveness (1), to the milieu of chemo-
kines and immune cells surrounding 
or invading the islets (2,8).
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RNA isolation from pancreatic islets poses unique challenges. Here, we present a reproducible means 
of obtaining high-quality RNA from juvenile rodent islets in sufficient quantities for use in ex vivo expres-
sion studies. Tissue was extracted from female non-obese diabetic (NOD) toll-like receptor 3 (TLR3)+/+ 
and (TLR3)-/- mice in the pre-diabetic stage. Samples were frozen in liquid nitrogen, sectioned, fixed in 
a highly alcoholic solution, and stained with an alcoholic cresyl violet (CV) solution. Rehydration of the 
fixed sections was minimized. Islets were identified visually and isolated with the Leica LMD6000 laser 
capture microdissection (LCM) system to yield samples highly enriched in islet RNA. Real time qPCR 
was performed on the islet cDNA using probes for CXC chemokine ligand 10 (CXCL10), an inflamma-
tory marker that plays a critical role in the pathogenesis of type 1 diabetes mellitus (TIDM). This method 
represents an improvement over currently described LCM techniques for rodent pancreatic islets and 
makes feasible expression studies using small amounts of starting tissue without the need for RNA 
pre-amplification. This has immediate implications for ongoing TIDM studies using the NOD mouse.

Reports

METHOD SUMMARY
Here we introduce a method for isolating pancreatic islets for use in downstream expression studies on the pre-diabetic non-obese 
diabetic (NOD) mouse. Flash-frozen samples were fixed and stained with alcoholic cresyl violet solution and dehydrated in a manner 
that minimized RNase activity. RNA was isolated from stained islets by microdissection and used for multiplex real-time PCR.R
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We are particularly interested in 
characterizing early (weaning to 10 
weeks of age) molecular dif ferences 
between wild-type NOD mice and 
toll-like receptor 3 (TLR3)–deficient 
mice (9,10), as we have recently 
shown that TLR3 is critical for virus-
mediated acceleration of TIDM (10). 
RNA extraction for gene expression 
studies from pancreatic islets of juvenile 
mice is complicated by the small size 
of the immature pancreas and a dearth 
of islets. The extremely high RNase 
content of the exocrine pancreas also 
necessitates care in sample processing 
(11,12). To our knowledge, laser capture 
microdissection (LCM protocols) for 
working with rodent pancreatic tissue 
have not been specifically tailored to 
address these issues (13,14). Existing 
protocols extracting whole, intact islets 
from pancreatic sections appear to use 
more starting tissue than would have 
been feasible in our experimental design 
or require pre-amplification to obtain 
an adequate amount of input RNA for 
downstream studies. Commercially 
available RNA pre-amplification kits can 
preserve the true relative proportion of 

mRNA transcripts present in samples 
(15); however, this method of increasing 
RNA yield for transcriptome studies is 
expensive and adds additional steps 
to processing. Here we describe an 
improved protocol for isolating high-
quality RNA from rodent pancreatic 
islets for multiple gene expression 
studies without the need for RNA 
pre-amplification.

We tested th is new protocol 
by evaluating expression of CXC 
chemokine ligand 10 (CXCL10), due 
to the importance of this chemokine 
in the pathogenesis of TIDM. CXCL10 
is inducible by IFN-gamma and serves 
as a chemoattractant for chemokine 
receptor CXCR3-positive cells (16). 
Up-regulation of CXCL10 and subse-
quent CXCR3-positive Th1 cell response 
is considered crucial for the T-cell–
mediated destruction of b cells that has 
classically been seen as the hallmark 
of TIDM (17–19). TLR3 activation 
has been shown to mediate levels of 
CXCL10 expression in NIT-1 cultured 
b cells transfected with a synthetic 
double-stranded RNA (dsRNA) (4), and 
TLR3 mRNA has been shown to be 

up-regulated in autoimmune disease 
in human and animal subjects (9,20). 
Therefore, we wanted to investigate if 
there was a difference in expression of 
CXCL10 between wild-type (TLR3+/+) 
and TLR3-deficient (TLR3-/-) NOD mice 
in the pre-diabetic stage. We predicted 
that CXCL10 levels should be similar 
in both sets of animals that have not 
been exposed to virus since the insulitis 
scores of both sets of animals were the 
same in our previous study (10), as was 
the rate of development of spontaneous 
diabetes (9,10).

CXCL10 expression has been 
detected in the islets of NOD mice as 
early as 4 weeks of age, with levels 
steadily increasing in the islets in the 
pre-diabetic period, followed by an 
eventual decrease after most b cells 
have been destroyed in the diabetic 
animal (3,21). Some immunohisto-
chemistry studies using pancreas 
biopsies isolated from human patients 
with TIDM have shown that there is 
l it tle expression of CXCL10 in the 
exocrine pancreas at disease onset 
but a marked increase of expression 
in the islets (19,22,23); another study 

Cyclic dinucleotides (CDNs) are now among the hottest topic in 
innate immunity.  They bind to and activate STING (stimulator of 
interferon genes), leading to a potent type I IFN response. CDNs are 
important second messengers in bacteria as well as in mammalian 
cells, where they also function as inducers of the innate immune 
response. They represent a promising new class of vaccine adjuvants.

The latest buzz in innate immunity...

Purity and activity thoroughly validated

Guaranteed endotoxin-free

Available as vaccine adjuvants

Choose from:

c-di-AMP c-di-GMP c-di-IMP

c-di-UMP c-GAMP (2’2’, 2’3’ or 3’3’)

Cyclic Dinucleotide STING Ligands

www.invivogen.com/cds

BTN_June_Invivogen.indd   1 5/24/16   1:15 PM



REPORTS

www.BioTechniques.com295Vol. 60 | No. 6 | 2016

has shown involvement of the exocrine 
pancreas, with close association of 
CXCL10 with CD45-positive leukocytes 
outside the islets (21). Islet samples from 
non-diabetic healthy control patients 
show minimal CXCL10 expression as well 
as an absence of CXCR3-positive cell 
infiltration (21–23). CXCL10 expression 
in the vicinity of the islet is largely, but 
perhaps not exclusively, derived from b 
cells and/or islet-infiltrating leukocytes 
in the animal model (3,16,18,24) as well 
as in humans (8,19). In summary, the 
pattern of islet CXCL10 expression and 
resulting CXCR3 positive T-cell infil-
tration in humans generally appears to 
be mirrored in the NOD model; however, 
the histopathology of infiltrating cells and 
resulting insulitis do differ in important 
ways, and insulitis is not necessarily 
present in at-risk individuals prior to the 
onset of TIDM, as it is in the pre-diabetic 
NOD mice (2).

Materials and methods
Female NOD/ShiLtJ mice (TLR3+/+) 
were obtained commercially (#001976; 
Jackson Laboratories, Bar Harbor, ME), 
and TLR3 knockout (TLR3-/-) mice (9) 
were kindly provided by Li Wen from 
Yale University. Following euthanasia, 
pancreata were removed, sectioned 
into pieces roughly 1 cm in the largest 
dimension, placed into Nunc cell culture 
tubes (Fisher Scientific, Pittsburg, PA), 
and flash-frozen in liquid nitrogen. 
Elapsed time from excision of the 
pancreas to freezing was <5 min. 
Molecular grade anhydrous ethanol 
and xylenes were used in all steps; 
excess reagent was placed in RNase-
free sealed bottles with 3Å 4–8 mesh 
molecular sieves (#208574; Sigma-
Aldrich, St. Louis, MO), and the sealed 
containers were kept in a plastic tub 
filled with dessicant.

Sectioning
The CM1950 cryostat (Leica Biosystems, 
Buf falo Grove, IL) was defrosted, 
cleaned and treated with RNaseZap 
(Life Technologies, Grand Island, NY); 
Particular attention was given to treating 
the stage and anti-roll guide. Object 
temperature was set to -18°C, and 
the ambient cryostat temperature was 
set to -20°C. The blade (#DT315R50; 
Sturkey, Lebanon, PA) was degreased 

and treated with RnaseZap and ethanol. 
A flat cold pack that had been removed 
from -80°C was wrapped in RNaseZap-
treated aluminum foil and placed in the 
cryostat immediately before sectioning. 
Samples were removed from liquid 
nitrogen and promptly affixed to the 
object disc of the cryostat with Tissue-
Tek Optimal Cutting Temperature (OCT) 
media (Sakura-Finetek USA, Torrence, 
CA). The affixed tissues were allowed to 
equilibrate with the cryostat environment 
for 10 min prior to sectioning.

b-cell width in another widely utilized 
rodent model, the Wistar rat, averages 
~10 microns in the largest dimension 
(25). One published protocol for LCM of 
rodent islets uses a section thickness 
of 14 microns (13), another protocol 
uses 8 micron-thick sections (14). In 
our experience, thicker sections had the 
desired effect of increasing the RNA yield 
for downstream processing. Therefore, 
pancreata were cut into sections 30–45 
microns thick. The anti-roll guide was 
used to keep the sections flat against 
the stage as they were sectioned. Care 
was taken to avoid introducing any OCT 
to the section of interest, as OCT may 
reduce RNA yield during subsequent 
isolation steps (26) and can interfere 
downstream by inhibiting qPCR (12). If 
OCT is present, it must be removed prior 
to microdissection by aqueous rinses.

Polyethylene naphthalate membrane 
(PEN)–coated slides (#LCM0522; Life 
Technologies) that had been previously 
treated with RNaseZap were used. 
Slides were rinsed twice in DEPC-treated 
water and placed under UV light for 4 h 
before use (Ohio State University. Laser 
capture microdissection protocols, slide 

preparation. https://lcm.osu.edu/lcma/
protocols/slide/index.cfm). To minimize 
RNA degradation, the slides were 
cooled to 0°C prior to contacting the 
samples in an RNase-free Coplin jar that 
was covered and partially submerged 
in an ice bath (27). A Kimwipe (#34120; 
Kimtech Science, Roswell, GA) previ-
ously twisted to a point and placed 
in the cryostat, was used to manip-
ulate the tissue section to preserve the 
orientation of serial sections (Claude 
Besmond, personal communication). 
Slides were quickly pressed parallel 
to the surface of the stage, and 6–10 
serial sections adhered rapidly via the 
20°C temperature gradient between the 
samples and the slides. A gloved finger 
was placed very briefly underneath the 
sections to ensure complete section 
contact with the slide. It is important 
not to completely melt the samples, as 
this will compromise morphology and 
RNA integrity. Immediately thereafter, 
the slides were placed membrane-side 
up on the wrapped cold pack to ensure 
rapid cooling of the sectioned samples. 
Handling of the slide was minimized to 
avoid heat transfer. As many as four 
unique samples were processed in one 
cutting session. Ethanol was used to 
clean the stage and anti-roll guide after 
each sample had been sectioned. Once 
sectioning was complete, and all 4 slides 
had cooled to -80°C by contact with 
the cold pack, slides were rapidly trans-
ferred to an RNaseZap-treated Coplin jar 
that had been allowed to equilibrate with 
the cryostat. The jar was closed inside 
the cryostat, immediately placed in a 
cooled container filled with desiccant, 
and then transferred to -80°C storage.

Figure 1. High quality RNA extracted from islets. Representative Bioanalyzer electropherogram 
of high-quality RNA extracted from microdissected islet using the described methodology.
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Fixation and staining
Cresyl violet (CV) is a nucleophilic stain 
that has been shown to reliably stain 
pancreatic sections, allowing the visual 
distinction of islets from surrounding 
exocrine stroma (13), and our prelim-
inary experiments found CV to give 
satisfactory morphological results. 
CV does not degrade RNA, making it 
an ideal stain for pancreatic sections 
(27,28). In addition, highly alcoholic 
staining protocols have been shown 
to be superior to aqueous staining 
for maintaining RNA integrity, as 
rehydration allows nucleases present in 
the dehydrated tissue sections to work 
more efficiently and to degrade RNA 
more quickly (28–30). This observation 
is intuitive, as RNase activity requires 
free water (31), both as a cofactor for 
hydrolysis of nucleic acid and for stabi-
lizing the enzyme in its active confor-
mation (32). Slides were removed from 
-80°C within 2 days of sectioning (12) 
and immediately fixed in 95% ethanol 
for 30 s without defrosting. Working 
strength staining solution (see protocol 
in Supplementary Material) was added 
to the slide for 20–30 s.

Dehydration
Immediately after staining, the slides 
were transferred to two 95% ethanol 
solutions for 1 min each, followed by 
100% ethanol, 2 times for 1 min each. 
Anhydrous ethanol was poured fresh for 
each use to minimize rehydration. Next, 
dehydrated samples were placed into 
a glass dish with anhydrous xylene (2 
washes, 5 min each). Slides were then 
left to dry under the fume hood for 4–6 
min to allow for evaporation of residual 
xylene before transfer to the previously 
cleaned LMD6000 stage for microdis-
section. Working time for LCM was 
kept to <50 min in order to minimize 
rehydration of the sections from the 
ambient air (28).

Laser capture microdissection
The total number of TLR3-/- samples 
processed was 18, while the total 
number of TLR3+/+ samples was 13 
(Supplementary Table S3). Multiple 
sections of pancreas (head, middle, tail) 
were analyzed from several mice (total 
mice: n = 25, total sampled sections: 
n = 31). The proportion of b cells as 
a percentage of total islet cells varies 
somewhat by region of pancreas (7); 
however, to our knowledge, studies 
do not exist that show a difference in 
insulitis burden between sections, and 
our data analysis accounted for any 
potential error this may have introduced, 
with section type evaluated as a variable 
ef fect in our mixed model analysis 
(results not shown). The total islet area 
from each section was collected using 
laser pulses of varying intensity (110–128) 
using the included LMD6000 software. 
The entire islet was obtained, without 
regard to peri-insulitis present in some 
of the islets. A thin border was allowed 
around each islet to minimize thermal 
damage from the laser. Three to 20 islets 
were collected at random and pooled 
per unique RNA sample. Pooled islets 
were dissolved with gentle agitation by 
pipette in RLT lysis buffer with added 
b-mercapatoethanol, as described in the 
manufacturer’s protocol for the RNeasy 
Micro Kit (#74004; Qiagen, Valencia, 
CA), and kept at -80°C. RNA extraction 
was per formed using the RNeasy 
Micro Kit, and the RNA concentration 
in nuclease-free water was measured 
using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, Wilmington, 

DE). Complementary strand synthesis 
with variable amounts of input RNA was 
immediately performed using the High-
Capacity cDNA Reverse Transcription 
Kit (#4368814; Life Technologies). Up 
to 4 samples were processed in 1 day.

qPCR
CXCL10 gene expression was detected 
using TaqMan Gene Expression Assay 
Mm00445235_m1 (Life Technologies). 
GAPDH was used as the housekeeping 
gene for all samples. As a quality 
measure, a subset of cDNA samples 
were aliquoted and evaluated for 18S 
ribosomal RNA (Rn18S) as a second 
housekeeping gene. GAPDH and Rn18S 
are widely used as housekeeping genes 
as they are stably expressed in most 
tissues regardless of the experimental 
conditions, with exceptions that did 
not apply to our analysis (12,14,33). 
The TaqMan Gene Expression Assays 
Mm99999915_g1 and Mm03928990_
g1 were used to detect the respective 
housekeeping genes. TaqMan Gene 
Expression Master Mix (#4369016; 
Life Technologies ) was used with the 
Step-One-Plus Real-Time PCR System 
(Life Technologies). Assay primers were 
confirmed by the manufacturer to have 
log-linear expression levels throughout 
the entire detection range. House-
keeping genes reliably amplified in every 
well with 25 ng input islet cDNA, run 
in duplicate or triplicate when possible, 
with a minimum total reaction volume of 
50 µL. Good duplicate sample reliability 
was achieved with all reactions (CXCL10 
Reporter dye: VIC, Cat #4448490, 
Housekeeping Reporter dye, FAM, Cat 
#4331182; both are part of the TaqMan 
Gene Expression Assay).

Results and discussion
The total RNA isolated from unique 
samples averaged ~245 ng per usable 
sample, a quantity sufficient to run 
studies on multiple genes without 
pre-amplification (11). Samples were 
occasionally lost due to handling 

Table 1. Statistical models of the three outcomes as a function of week, genotype, and their interaction. 

Outcome variables
Mean Cq(CXCL10) Mean Cq(GAPDH) Mean ∆Cq(GAPDH - CXCL10)

Fixed effects

1. Intercept (at week 5) 31.67 (2.09)*** 24.94 (1.25)*** -6.66 (1.59)***

2. Week -1.86 (0.75)* 0.52 (0.50) 2.28 (0.56)***

3. Genotype -3.24 (8.19) 6.39 (5.63) 10.62 (6.19)

4. Week × Genotype 0.47 (1.11) -1.07 (0.83) -1.71 (0.84)

Data are expressed as estimate ± standard error. ***P < 0.001, **P < 0.01, *P < 0.05.
For fixed effects, the TLR3-/- is the reference group. For effects 3 and 4, the TLR3+/+ genotype is com-
pared with the reference TLR3-/-, and the table values represent the difference in each outcome variable.

Table 2. The residual standard deviation (SD) of the three outcome variables at week 8 showing the change in 
the residual SD as a percentage of the SDs averaged over weeks 5–7.

Outcome variables

Mean Cq(CXCL10) Mean Cq(GAPDH) ∆Cq(GAPDH - CXCL10)

SD at week 8

% of weeks 5–7 average 0.39* 0.82 0.42**

***P < 0.001, **P < 0.01, *P < 0.05.
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errors or PEN membrane slide failure, 
including poor adhesion of samples. A 
usable quantity of RNA, defined as at 
least 25 ng of RNA available for cDNA 
synthesis, was isolated from as few as 
3 pancreatic islets with a total surface 
area of 44,535 μm2, while the average 
yield of RNA was ~22 ng per 100,000 
μm2. Areas were measured as the laser 
lasso was drawn around the islet to be 
collected. Supplementary Figures S1 
and S2 show an islet before and during 
collection. A subset of previously frozen 
RNA samples were run using a RNA 
6000 Pico kit on the 2100 Bioanalyzer 
system (Agilent Technologies, Santa 
Clara, CA). RIN values (34) as high as 
7.2 were obtained (Figure 1).

Real-time PCR data were analyzed 
using mixed effects modeling. The TLR3-/- 
genotype was used as a reference for 
fixed effects. As predicted, Log10-trans-
formed CXCL10 [Log10(CXCL10)] 
decreased from 5 to 8 weeks (P < 0.05 
Table 1, Model 1), as indicated by a 
lower threshold cycle (Cq) value, and 
thus higher CXCL10 expression. Neither 
the baseline Log10(CXCL10) level nor 
the rate of change over time differed 
between the TLR3+/+ and TLR3-/- animals 
(p’s > 0.2). No significant difference in 
GAPDH expression between the two 
groups and by age was apparent (p’s 
> 0.2) (Table 1, Model 2).

Log10-transformed ∆Cq(GAPDH –
CXCL10) [Log10(∆Cq)] values increased 
with age (P < 0.001, Table 1, Model 3), 
indicating a rise in CXCL10 expression 
as the mice matured. There was not 
dif frence between the genotypes 
either in the baseline Log10(∆Cq) level 
at 5 weeks (P > 0.2) or in the rate of 
change over time (P > 0.2), indicating 
no ef fect of genotype on average 
CXCL10 expression. These results 
were as predicted, based on our 
previous research that has shown no 
difference in the incidence of diabetes 
in uninfected TLR3-/- vs TLR3+/+ NOD 
mice (10). Observations were plotted, 
with model best-fit regression line in 
blue, with the gray shading representing 
the 95% confidence interval (Supple-
mentary Figure S3).

The residual standard deviations 
(SDs) of Log10(CXCL10) and Log10(∆Cq) at 
week 8 for both genotypes were lower 
than the average of the previous weeks 
by 60% (both P values <0.05). The 

amount of reduction in the SD did not 
differ between the TLR3-/-and TLR3+/+ 
mice (P > 0.2) (Table 2). These results 
were expected, owing to the variable 
nature of the onset and progression of 
insulitis in the NOD mouse (2). In our 
experience, young mice from the same 
cohort may have dif fering levels of 
insulitis when considered at a particular 
time point, reaching more consistent 
levels of insulitis with maturity.

The data presented here show no 
difference in the average values of a 
crucial marker of insulitis between 
TLR3+/+ and TLR3-/- NOD mice, from 
ages 5 to 8 weeks, but does show an 
increase in the expression of CXCL10 
with age in both genotypes. A strong 
correlation between ∆Cq(GAPDH –
CXCL10) and ∆Cq(Rn18S –CXCL10) 
qPCR values run on separate aliquots 
of islet cDNA samples (n = 19) was 
observed (Pearson’s r = 0.78 df = 17, 
P < 0.01), confirming that islet cDNA 
was of adequate quality for performing 
expression studies.

Our aim was to reduce some of 
the dif ficulty inherent to performing 
expression studies on islets. The 
results reinforce the importance of 
minimizing rehydration of frozen tissues 
containing elevated RNase levels, as 
well as choosing appropriate fixing, 
staining, and dehydration techniques 
to minimize degradation of ribonucleic 
acids in such challenging tissues. We 
have reproducibly isolated sufficient 
quantities of islet RNA for an expression 
study, without the need for pre-ampli-
fication. The use of costly reagents 
is minimized, and multiple samples 
can be processed in 1 day. RNA 
quality compares favorably to existing 
protocols, ensuring confidence in the 
interpretation of downstream PCR data.

There have been no previously 
published results of quantitative real 
time PCR multiplexed with endogenous 
controls on cDNA isolated from native 
islets in 5–8 week old NOD mice. The 
success of this technique will facilitate 
the use of the pre-diabetic animals for 
TIDM research. LCM gives the researcher 
a powerful tool to gain insight into the 
condition of the islet transcriptome at 
the moment the animal was sacrificed. 
Ex vivo data thus gathered may give 
insights into the influence of variables, 
both exogenous and endogenous to the 

patient, that play a role in the genesis of 
insulitis that is critical to the progression 
of TIDM in humans.

There is room for improvement of 
the method in several areas. Further 
work wil l address optimization of 
the freezing process for pancreas 
samples, maximizing RNA integrity 
while preserving morphology for visual 
identification of islets. Alternatives to 
liquid nitrogen, such as isopentane and 
dry ice, have not yet been explored by 
our team. While overall RNA quality was 
high, fluctuations in ambient humidity 
during the sectioning and staining 
process may undermine efforts to keep 
tissue dehydrated and will also be inves-
tigated to minimize variability between 
samples. Nevertheless, this work repre-
sents a substantial improvement in 
the application of LCM technology to 
pertinent issues in TIDM research and 
will augment the utility of the already 
valuable NOD model.
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