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Model

Autism is highly heritable

CNV RM

SNP
Protective

SNPSNP

SNP- single nucleotide 
polymorphisms

RM - rare mutations

CNV - copy number variations

Geschwind et al.

Environment



Genes 

Behavior

Circuits

Cells

How do mutations in genes lead to autism?



You make a mouse



16p11.2 deletion mouse



And...
mice are not humans

 Autism involves many genes and it 
is hard to replicate a human genetic 

background in a mouse



Harvest skin 
cells from 
patients

Reprogram 
skin cells into 
pluripotent 
stem cells

Convert 
stem cells into 

neurons

Phenotype 
neurons



Which patients ?

• Timothy Syndrome

• Ch16p11.2 Deletion 
Syndrome

• Phelan McDermid 
Syndrome

• Di-George Syndrome

• Dravet Syndrome

• Timothy Syndrome



Splawski et al., 2004

Cutaneous Syndactyly

Hypoglycemia

Autism

Cardiac Arrhythmia

Timothy Syndrome

NH3+ COO-

S1 S6

CaV1.2

DI DII DIII DIV

G406R



L-type calcium channels in autism, 
bipolar disorder and schizophrenia

Nyegaard et al. CACNA1C (rs1006737) is associated with schizophrenia. 
Molecular Psychiatry (2010) vol. 15 (2) pp. 119-121

Ferreira et al. Collaborative genome-wide association analysis supports a 
role for ANK3 and CACNA1C in bipolar disorder. Nat Genet (2008) pp. 3

Splawski et al. Ca(V)1.2 calcium channel dysfunction causes a multisystem 
disorder including arrhythmia and autism. Cell (2004) vol. 119 (1) pp. 19-31
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Making stem cells from the skin 
cells of ASD patients

+
Oct3/4
Sox-2
Klf-4

Kazutoshi Takahashi.... Shinya 
Yamanaka Cell 2007



Characterization of iPS cell lines

NANOG SSEA-4 TRA-2-49/6E 

Hoechst Hoechst Hoechst 

7643-32 9862-42

N
A

N
O

G
T

R
A

-2
-4

9/
6E

Cartilage Neural tissue Gut-like epithelium

b

c

1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 XX

a

Figure S2

7643-32 9862-42

N
A

N
O

G
T

R
A

-2
-4

9/
6E

Cartilage Neural tissue Gut-like epithelium

b

c

1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 XX

a

Figure S2

!"#$%&'(

) * NeuronsProgenitors

!"#$%#&'()(

*$%+,-")%$(

.,/$%-(

01

"*12 TS CtrlTS Ctrl

34
56
78
4

34
56
78
9

34
56
78
7:

34
56
78
9

34
56
78
7:

.
;
<8
<

.
;
<8
<

.
;
<8
<

=>
:7
8?;
?

;
?

=>
:7
8<
5

.
;
:8
5

.
;
:8
5

=>
:7
8?

8@A<: 8@A<<8@A<7
8@
A<
@

8@
A@
@

@A
<@

@A
:@

34
56
78
4

34
56
78
4

34
56
78
7:

34
56
78
7:

34
56
78
9

34
56
78
9

;
?

=>
:7
8?

.
;
<8
<

.
;
<8
<

.
;
:8
5

.
;
:8
5

*2
:

*2<

: 6@8:8685
B.!<44
B.!99?
B.!957
2:%$C77
3!D
EFD<<
GH;E0
B.!99I
FJ256?I97
=1FK:

H.36
1L!:

2;MK2<
NEN7

2KGLL:
=!=3>:

K*1<9E

*J>*B*7
;1*E:

=!=3>7

: 6@8:8685
B.!<44
B.!99?
FJ256?I97
3!D
2:%$C77
320EF:
B.!99I
B.!99I
GH;E0
*EO5

!13F9
0OJ2<
NEN7

K*1<9E
E>;

2;MK2<
1.;D9

*J>*B*7
2KGB

2KGLL:

+ , !%&PQRS'-+,(!%&PQRS'-+,(

&

T%U'V"-,Q$,R,U)%$Q("+-'&"-+



Convert 
stem cells into 

neurons

Harvest skin 
cells from 
patients

Reprogram 
skin cells into 
pluripotent 
stem cells
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neurons



Recapitulating human neural development in vitro

Day 0-5 Day 5-21 Day 21-28 Day 28-50



iPSC -derived neurons
Map2,	
  TH,	
  DAPI



Neurons have calcium signals



Neurons fire action potentials 
and form synapses

Syn1,	
  PSD95,	
  Hoechst
!"#$%&'$()*(+,-
#..+$'/0()*1

!"#$%&'$()*(+,-
#..+$'/0()*1
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Human iPS derived neurons in a 
mouse

20 ms

50
 p

A
- 70 mV + 60 mV averaged w/o stimulus artifacts 

CaMKII_GFP
Syn1



Fluidigm® Dynamic Arrays

IPSC derived neuronal 
cell types
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Phenotype 
neurons

Convert 
stem cells into 

neurons

Harvest skin 
cells from 
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Reprogram 
skin cells into 
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stem cells



Will we see a cellular phenotype?
Unbiased

Experiment One

Muscle total RNA was prepared using a 10-fold serial dilution to produce samples of 10 ng, 1 ng, 0.1 ng, 0.01 

ng, and 0.00 1 ng concentrations (the lower concentrations resembling the total RNA contents of a single-cell). 

Each preparation was setup as triplicate reactions for each protocol, against 48 assays. Replicate assays were 

performed to enhance data reliability. The data was collected on the BioMark system.

Comparison of Two Protocols for Single-Cell Gene Expression on Dynamic Arrays 

The following is a supplement to the application note BioMark Dynamic Arrays for Single-Cell Gene Expression Analysis 

(MRKT00075a) and the BioMark Advanced Development Protocol 5. The supplement describes experiments performed 

with dynamic arrays to compare two protocols for single cell analysis — one recently developed by Fluidigm, the 

other a traditional two-step Reverse Transcription (RT) preamplification (PreAmp) protocol. Both experiments were 

performed with RNA standards, instead of real cells, to control for the reproducibility of sample concentration. 

Figure 1. Standard Curves for CSNK2B and GAPDH assays. Table 1. Average Ct and Sigma Ct values.

Figure 2. Heat maps for Fluidigm single-cell gene expression and two-step with muscle  
only samples.

S U P P L E M E N TS I N G L E  C E L L  G E N E  E X P R E S S I O N 

Results 

Standard curves show that both the Fluidigm single-cell analysis protocol and the standard two-step RT-PreAmp 

protocol have excellent linearity and reproducibility. The C
t
 and Sigma C

t
  values demonstrate good sensitivity, 

only the Fluidigm protocol registering a C
t
 value at the lowest concentration. Dynamic array heat maps show 

the same gene expression pattern for both protocols. 

y = -1.7Ln(x) + 18.2 

y = -1.4Ln(x) + 19.5 

 R2= 0.9939

y = -1.5Ln(x) + 10.5 
 R2= 0.9999

 R2= 0.9903

y = -1.6Ln(x) + 13.4 
 R2= 0.9998
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Muscle total RNA Sample and CSNK2B Assay
3 preps * 4 assay replicates * 3 sample replicates = 

36 data points per concentration
(Error bars reflect +/- 1 standard deviation.)

Muscle total RNA Sample and GAPDH Assay
3 preps * 4 assay replicates * 3 sample replicates = 

36 data points per concentration
(Error bars reflect +/- 1 standard deviation.)

Average C
t

Target RNA Concentration (ng)

Average C
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single-cell GE protocol
2-step RT-PreAmp
Log. (single-cell GE protocol)
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single-cell GE protocol
2-step RT-PreAmp
Log. (single-cell GE protocol)
Log. (2-step RT-PreAmp)

CSNK2B
 target concentration 10 1 0.1 0.01 0.001 ng
Average Ct single-cell GE protocol 14.7 18.3 21.7 25.5 31.0
 2-step RT-PreAmp 16.2 19.5 23.2 25.7 n/a

Sigma Ct single-cell GE protocol 0.14 0.18 0.29 1.30 1.66
 2-step RT-PreAmp 0.09 0.20 0.75 1.02 n/a

GAPDH
 target concentration 10 1 0.1 0.01 0.001 ng
Average Ct single-cell GE protocol 7.0 10.6 14.0 17.6 21.0
 2-step RT-PreAmp 9.7 13.4 16.9 20.6 24.2 

Sigma Ct single-cell GE protocol .10 0.12 0.11 0.15 0.22
 2-step RT-PreAmp 0.09 0.16 0.29 0.14 0.98 

Hypothesis Driven



Calcium signaling defects in TS 
neurons
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TS channels cause dendritic retraction in vitro 
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Dendritic retraction in human neurons from TS 
patients  



Layer 5 pyramidal  neurons in the TS mouse 
have short dendritic arbors
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How does TS-CaV1.2 cause dendrite 
retraction?

? ROCK

RhoA

Retraction

MLCP LIMKMLC
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Are there differences in gene 
expression in TS neurons? 
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Genes of previously 
implicated in autism 

or intelectual 
disability:

- PQBP1
- SHANK2
- EXOC1
- YWHAE
- IFTIM3

Irina Voineagu and Dan Geschwind



Genes differentially regulated in 
TS neurons upon stimulation

Upregulated Downregulated

FOS
EGR1
MYOM2
TH
WNT7B
STC1
MAL
ANKRD37
WNT7A
SLC16A3
PSD2
SNCG
ESRRG
FAM107A
FLJ13305
SPOCK2
CAMK2B
GAD1
DLG4
SGIP1

CXCL12
PTRF

ARHGDIB
MAMDC2

SNTB1
SNAI2
TAF5L

TMEM46
CTSL2

MGC4677
TNMD
TPM2

TNNC1
ACTG2
ACTA1
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MYH3
APOA1
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Ca

Ca2+
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Altered Cell Fate in TS
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Section Gene Symbol Age Orientation Objective Veracity
Veracity
Support

10
ets variant

gene 1
Etv1 P7 Sagittal 10X Confirmed

Supported by
Literature

BX BAC Address marker

BX483 RP23-250K4 EGFP

Other
cross-
sections
of this
brain: 01 02 03 04 05 06 07 08 09 10 11

(thumbnails
not to
scale)

Double-click anywhere in the image below. Trouble? Visit help page. 

Add this image to your album
Download this image at the scale shown below.
Download this image at full resolution (courtesy NCBI)
Founder Line: BZ192
See all MMRRC strains for : Etv1
Get this mouse from MMRRC: STOCK Tg(Etv1-EGFP)BZ192Gsat: Details, Order 
Get this BAC Clone from CHORI : BX483

Read gene expression annotations for this image 
View other image sets for Etv1 

1.0 mm1.0 mm

ScaleSUBMIT1:81:41:21:1Detail Scale: Instructions

Choose a
Detail Scale
(smaller
rectangles
load faster)
Click
somewhere
in the
image.
Click the
"submit"
button, to
view detail
(or double
click on the
image).
Detail will
be
displayed in
a new
window.

Comment on this Gene: 
limited expression literature. Our BAC data overlpas with the literature and in situ data from Allen database and Genepaint.org. At adult, confirmed expression
sites include the cortex, subicular cortex and amygdala. However, the BAC misses expression in the habenula nuclei and parafascicular thalamic nuclei. At E15-5,
the BAC is correctly expressed in the DRG and pineal gland. The olfacotry bulb is weakly stained. But no expression is detected in the habenular nuclei and
cerebellum.

Gene Expression Annotations for this image
structure Expression Level Expression Pattern Cell types Subtypes

Olfactory Bulb moderate to strong signal scattered
neuron
other

Cerebral cortex moderate to strong signal region-specific neuron processes

Septum weak signal region-specific and scattered fibers

Thalamus weak signal region-specific and scattered fibers

Hypothalamus moderate to strong signal region-specific and scattered neuron fibers

Midbrain weak signal scattered neuron fibers

Pons weak signal region-specific neuron

Medulla moderate to strong signal region-specific neuron fibers

Cerebellum undetectable ND

Corpus callosum moderate to strong signal ND

Anterior commissure moderate to strong signal ND

Other image sets for Etv1 
age orientation Acquisition technique Founder Line Batch

adult Coronal brightfield GM225 16 images

ETV1

Pyramidal
Callosal Projection

Text

Catecholaminergic
Excitatory



Increased numbers of TH positive 
neurons in TS patients

Timothy
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1.  We have successfully generated neurons from iPS cells derived from two Timothy 
    Syndrome patients and two control subjects.
2.  We have identified two cellular phenotypes associated with TS-derived cells 
 - TS neural progenitors and neurons  exhibit increased duration of intracellular calcium 
        rises in response to depolarization
 - TS iPS-derived neuronal cultures display an excess percentage of tyrosine-
        hydroxylase-positive neurons
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1.  We have successfully generated neurons from iPS cells derived from two Timothy 
    Syndrome patients and two control subjects.
2.  We have identified two cellular phenotypes associated with TS-derived cells 
 - TS neural progenitors and neurons  exhibit increased duration of intracellular calcium 
        rises in response to depolarization
 - TS iPS-derived neuronal cultures display an excess percentage of tyrosine-
        hydroxylase-positive neurons
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1.  We have successfully generated neurons from iPS cells derived from two Timothy 
    Syndrome patients and two control subjects.
2.  We have identified two cellular phenotypes associated with TS-derived cells 
 - TS neural progenitors and neurons  exhibit increased duration of intracellular calcium 
        rises in response to depolarization
 - TS iPS-derived neuronal cultures display an excess percentage of tyrosine-
        hydroxylase-positive neurons
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  DMSO:  11312 cells/1619 neurons
  CMPD:  11339 cells /1873 neurons
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Pharmacological reversal of 
neuronal phenotypes

J Autism Dev Disord. 1987 Sep;17(3):439-46.

Open trial effects of beta-blockers on speech and 
social behaviors in 8 autistic adults.
Ratey JJ, Bemporad J, Sorgi P, Bick P, Polakoff S, O'Driscoll G, 
Mikkelsen E.
Source

Harvard Medical School, Massachusetts Mental Health Center.

Neurocase. 2008;14(4):378-83.

Effect of propranolol on verbal problem 
solving in autism spectrum disorder.
Beversdorf DQ, Carpenter AL, Miller RF, Cios JS, Hillier A.
Source

Department of Radiology, Thompson Center, University of Missouri, 
Columbia, MO 65211, USA. beversdorfd@helath.missouri.edu
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How about cardiac 
arrhythmia?



Cardiomyocytes from TS patients are 
Arrhythmic
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Electrical defects in TS 
cardiomyocytes
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Small molecule reverses the 
phenotype of  TS cells
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Yarotskyy et al. The Timothy syndrome mutation of cardiac CaV1.2 (L-type) channels: 
multiple altered gating mechanisms and pharmacological restoration of inactivation. J 

Physiol (Lond) (2009) vol. 587 (Pt 3) pp. 551-65



Phelan McDermid Syndrome

• Neonatal hypotonia
• Global developmental delay
• Absent or severely delayed speech

Shank-3

https://pmsiregistry.patientcrossroads.org/

https://pmsiregistry.patientcrossroads.org/
https://pmsiregistry.patientcrossroads.org/


Increased spontaneous action potential 
firing in PM  Syndrome neurons

Control PMS

Cell attached mode



Decreased mini amplitude and 
frequency in 22q13 neurons

Control 22q13

Whole cell mode



NMDA receptor currents are decreased in 
neurons from PM patients
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GABA currents are unaffected 
in PMS neurons
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The glass is half full
•We can make human 
neurons from kids with 
some kinds of autism

•We can identify defects 
in these cells

•We can find drugs that 
improve some of these 
defects



Wrong half of the glass
•Human neurons are not 
mature

•We don’t know if the 
phenotypes that we 
observe in vitro cause the 
disease

•It will take time for 
these findings to be 
validated and translated 
to the clinic
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