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Generation of transgenic 
marmosets expressing genetically 
encoded calcium indicators
Jung Eun Park1, Xian Feng Zhang1, Sang-Ho Choi1, Junko Okahara2, Erika Sasaki2,3 & 
Afonso C. Silva1

Chronic monitoring of neuronal activity in the living brain with optical imaging techniques became 
feasible owing to the continued development of genetically encoded calcium indicators (GECIs). Here 
we report for the first time the successful generation of transgenic marmosets (Callithrix jacchus), an 
important nonhuman primate model in neurophysiological research, which were engineered to express 
the green fluorescent protein (GFP)-based family of GECIs, GCaMP, under control of either the CMV or 
the hSyn promoter. High titer lentiviral vectors were produced, and injected into embryos collected 
from donor females. The infected embryos were then transferred to recipient females. Eight transgenic 
animals were born and shown to have stable and functional GCaMP expression in several different 
tissues. Germline transmission of the transgene was confirmed in embryos generated from two of 
the founder transgenic marmosets that reached sexual maturity. These embryos were implanted into 
six recipient females, three of which became pregnant and are in advanced stages of gestation. We 
believe these transgenic marmosets will be invaluable non-human primate models in neuroscience, 
allowing chronic in vivo monitoring of neural activity with functional confocal and multi-photon optical 
microscopy imaging of intracellular calcium dynamics.

Optical monitoring of neuronal populations tagged with fluorescent calcium-sensitive molecules has become 
an attractive way to study brain function in vivo, particularly after the development of genetically encoded cal-
cium indicators (GECIs)1,2. GECI molecules sense calcium influx into excitable cells. Upon calcium binding, 
GECI molecules fluoresce, constituting a visible marker of cellular function and activity. The most optimized 
family of GECIs to allow monitoring of neural activity in vivo are GCaMP, which are based on a fusion of the 
calcium-binding protein calmodulin with the green fluorescent protein (GFP)3,4. Most notably, the new gener-
ation of GCaMPs has demonstrated higher sensitivity to individual action potentials in neuronal somata and 
in dendrites with good signal to noise ratio4,5. GCaMPs can be directly delivered to discrete areas of the brain 
via stereotaxic injections of recombinant adeno-associated viruses (AAV) or lentiviral vectors6,7. These viruses 
are able to infect non-dividing neuronal cells with apparent low toxicity, and induce stable long-term transgene 
expression8,9. However, these methods are invasive, requiring surgery on each animal. In addition, the viruses 
produce inhomogeneous expression patterns across the infection site, and lead to undesirable expression levels, 
causing aberrant cell death7. Thus, virus-mediated gene transfer can only be used for experiments within a limited 
time window, and only after careful examination of the relationships between viral tropism, promoter constructs, 
virus titer, injection volume and preferential gene expression in neurons8,10,11. As an alternative approach, several 
GECI expressing transgenic mouse lines have been developed6,12–16 to allow the investigation of brain-wide neu-
ronal activity in the living brain under physiological conditions. The derivation of transgenic animal models is 
presumably a better approach to study physiological processes, as levels of expression of the transgene are endog-
enously regulated in a way to avoid toxicity effects associated with the local overexpression of virus-mediated 
transgenes6,16.

Although it is possible to study various neurophysiological processes with well-established rodent models, the 
close similarities to humans in terms of genetic and physiological features are undeniable reasons that nonhuman 

1Cerebral Microcirculation Section, Laboratory of Functional and Molecular Imaging, National Institute of 
Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD, USA. 2Department of Applied 
Developmental Biology, Central Institute for Experimental Animals, Tonomachi, Kawasaki, Kanagawa 210-0821, 
Japan. 3Keio advanced Research Center, Keio University, Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan. 
Correspondence and requests for materials should be addressed to A.C.S. (email: SilvaA@ninds.nih.gov)

received: 12 May 2016

accepted: 20 September 2016

Published: 11 October 2016

OPEN

mailto:SilvaA@ninds.nih.gov


www.nature.com/scientificreports/

2Scientific Reports | 6:34931 | DOI: 10.1038/srep34931

primates are ideal animal models for studying the complex human brain17,18. Additionally, the recent feasibility 
of genome modification in nonhuman primates has significantly raised their role and importance in biomedical 
research19. The common marmoset (Callithrix jacchus) is a New World monkey that is a clear example of a non-
human primate with ever growing interest as a model for neuroscience research, in great part due to the success-
ful generation of transgenic marmosets with germline transmission of the transgene20.

In the present work, we describe the generation of transgenic marmosets using a lentiviral vector contain-
ing GECI molecules of the GCaMP family to infect marmoset embryos. Eight transgenic marmosets express-
ing GCaMP5g or GCaMP6s were successfully born. Germline transmission of the transgene was confirmed in 
oocytes collected from two of the founder transgenic marmosets that reached sexual maturity. These transgenic 
marmosets hold the promise to be a powerful tool for imaging neural activity in vivo that constitutes a closer and 
more accurate model in translational studies of aimed at understanding human brain function.

Results
Production of transgenic marmosets.  To generate GCaMP transgenic marmosets, we utilized high 
titer lentiviruses that expressed either GCaMP5g or GCaMP6s under the control of two different promoters: 
the human cytomegalovirus (CMV) enhancer/promoter21 for ubiquitous expression, or the human synapsin I 
(hSyn) promoter22 for neuron-specific expression. For GCaMP6s constructs, we added an inert monomeric kusa-
bira-orange (mKO) fluorescent tag for better detection of transgene expression. The lentiviral vectors were named 
CMV-GCaMP5g, CMV-mKO-GCaMP6s, hSyn-mKO-GCaMP6s, hSyn-GCaMP5g, CMV-GCaMP6s and hSyn-
GCaMP6s, respectively (Fig. 1).

Marmoset embryos were collected from donor females either via nonsurgical uterine flushing of naturally 
fertilized (NAT) embryos, or alternatively via laparotomic follicular aspiration of unfertilized oocytes followed by 
in vitro maturation and fertilization (IVF)20,23. We performed 52 uterine flushing procedures and successfully col-
lected 108 NAT embryos in 43 of them (82.7% successful flushing, 2.5 embryos/successful flushing). In addition, 

Figure 1.  Generation of GCaMP-expressing transgenic marmosets derived by infection of wild-type 
zygotes with lentiviral vectors. (A) Schematic diagram of the lentiviral vectors used. Only the relevant 
portions of the plasmid are shown. (B) Verification of transgene expression in IVF embryos 4 days after 
lentiviral injection. Left, bright field image. Middle, green fluorescence image shows clear expression of GCaMP. 
Right, merged image. The arrow shows a naïve embryo. Scale bar =​ 100 μ​m. (C–G) Photographs of the infant 
transgenic marmosets. Shown are: (C) TG-Y (CMV-GCaMP5g); (D) TG-E (CMV-mKO-GCaMP6s). The inset 
shows an epifluorescence image of the left front paw of TG-E (left, arrow) placed against that of a wild-type 
animal. Note mosaic expression of the inert orange tag mKO in the fur of the digits; (E) TG-S (hSyn-mKO-
GCaMP6s); (F) TG-L (hSyn-mKO-GCaMP6s); and (G) TG-J (CMV-GCaMP6s). (H) PCR products of the 
transgene in animals born alive (TG-Y, E, S, L, D1, D2, J, and D3) and aborted fetuses (M01-03) showing the 
presence of the GCaMP transgene in different tissues. M: DNA marker; Naïve cell/CMV-mKO-GCaMP6s: 
genomic DNAs extracted from wild type marmoset fibroblasts infected with CMV-mKO-GCaMP6s lentiviruses 
for positive control; Naïve: genomic DNAs extracted from wild type marmoset fibroblasts for negative control.
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we collected 787 oocytes from 17 surgical laparotomies (average 46 oocytes/surgery). Of these, 625 (79.4%) suc-
cessfully matured to the MII stage and, out of this cohort, 551 (88.2%) were successfully fertilized (Table 1).

Following embryo production and collection, 476 IVF and 100 NAT embryos were injected at their earliest 
possible embryonic stage with high titer lentiviral vectors (6 ×​ 108 − 1.5 ×​ 1011 transducing units per ml). NAT 
embryos were transferred into recipient females on the same day, while IVF embryos were maintained in culture 
and examined for transgene expression 3–4 days after lentiviral infection. Among the injected IVF embryos, 
385 (80.9%) developed successfully in vitro and, of those, 345 (89.6%) displayed fluorescence, indicating early 
expression of the transgene.

To generate transgenic marmosets, 187 IVF and 88 NAT embryos were implanted into 51 and 31 recipi-
ent females, respectively. Twenty-two of the recipient females (26.8%, 22 out of 82; eight CMV-GCaMP5g, 
two CMV-mKO-GCaMP6s, six hSyn-mKO-GCaMP6s, two hSyn-GCaMP5g, three CMV-GCaMP6s, and one 
hSyn-GCaMP6s) became pregnant and 8 live newborns (one pair of twins, 6 singletons) were delivered naturally 
at full term (Table 2). Among these 8 newborns, 3 died of unknown causes. One infant (TG-D2) survived for 15 
days after birth, while the other two (TG-D1 and D3) died within 24 hours after birth. The remaining 5 newborns, 
3 males (TG-S, L and J) and 2 females (TG-Y and E) developed normally. At the present time, the two females 
reached sexual maturity, while the 3 males are still juveniles.

GCaMP transgene integration and expression.  Transgene integration was confirmed in all 8 trans-
genic marmosets by PCR using genomic DNA extracted from tissues that could be acquired noninvasively (hair 
roots and mouth swabs from infants; peripheral blood cells from juveniles, Fig. 1). Transgene integration was 
further verified in different organs of three miscarried fetuses, including skin, muscle, heart, lung, thymus (Fig. 1). 
The genomic integration loci of the transgene in the transgenic marmosets were determined by a restriction 
enzyme-PCR based technique. Multiple copies of integration in the genomic DNA of peripheral blood (TG-Y, E, 
S, L, and J) and tissue (TG-D1, D2, and D3) were found (Table S1).

GCaMP mRNA expression levels in hair roots of transgenic marmosets injected with the CMV promoter 
constructs (TG-Y, D2, E, and J) were confirmed by RT-PCR, but not in animals injected with the hSyn promoter 
(TG-S, L, D1, and D3), as expected (Fig. 2). Expression of GCaMP mRNA was also determined in spinal cord 
tissues obtained post-mortem from TG-D1, D2 and D3. As shown in Fig. 2, GCaMP expression was only detected 
in the spinal cord but not in other tissues, indicating neuron-specific expression of GCaMP under control of the 
hSyn promoter. Consistently with RT-PCR results, flow cytometric analysis of peripheral blood samples showed 
GCaMP positive cells in transgenic marmosets injected with the CMV promoter (Fig. S1). Among peripheral 
blood cells, most of the GCaMP positive cells were granulocytes with a proportion of 10.16% in TG-Y and 14.49% 
in TG-E, respectively. Transgene expression in the body of the animals with the mKO tag under control of the 
CMV promoter was confirmed by direct visualization of fluorescence under UV light (Fig. 1). In TG-E, a patchy 
orange fluorescence was observed throughout the animal’s fur, indicating that not all blastomeres of the NAT 
embryo were infected with the viral construct. We also examined GCaMP expression by immunohistochemis-
try in spinal cord tissue obtained from transgenic animals with the hSyn promoter (TG-D1, D2 and M03), and 
confirmed GCaMP expression (Fig. 2). These tissue samples were also co-stained with an antibody against the 
neuronal marker NeuN, demonstrating the localization of GCaMP in neurons (Fig. 2).

Functionality of the GCaMP molecules in transgenic marmosets.  To test the functionality of the 
integrated GCaMP protein, primary cells were derived from transgenic marmosets generated using the CMV 

Oocytes collected via 
laparotomy (IVF)

Naturally fertilized 
embryos (NAT)

Number of procedures 17 52

Procedures with successful collection (%) 17 (100) 43 (82.7)

Total number of embryos collected (Mean number of 
embryos per procedure) — 108 (2.5)

Number of GV oocytes (Mean number of oocytes per 
procedure) 787 (46) —

Number of matured (MII) oocytes (% maturation rate) 625 (79.4) —

Number of fertilized oocytes (% fertilization rate) 551 (88.2) —

Number of embryos subjected to lentiviral injections 476 100

Number of developed embryos(% cleavage rate) 385 (80.9) —

GCaMP expression confirmed after lentiviral injections 
(% expression rate) 345 (89.6) —

Number of embryos used for ET 187 88

Number of surrogates 51 31

Number of pregnancies (% pregnancy rate) 13 (25.5) 9 (29)

Number of deliveries (% delivery rate) 4 (7.8) 3 (9.7)

Number of TGs (% TG per ET) 5 (9.8) 3 (9.7)

Table 1.   Summary of embryo collection procedures. ET, embryo transfer; GV: germinal vesicle; MII: 
metaphase II; TG: transgenic animals; —: not applicable.
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promoter. We initially derived fibroblasts from skin biopsies obtained from TG-Y and E. Some of the cells exhib-
ited low basal fluorescence under normal culture conditions and a large increase in fluorescence after stimulation 
with highly-concentrated calcium chloride added to the culture medium (Fig. S2). Likewise, primary cells derived 
from TG-D3’s spinal cord and maintained in culture exhibited patchy low basal fluorescence before being stimu-
lated with calcium-chloride, and higher fluorescence signal upon stimulation (Fig. S2). Next, a mixed population 
of cells derived from aspirated follicular fluid collected during oocyte harvesting procedures performed in TG-Y 
exhibited low basal fluorescence under quiescent conditions (Fig. 3). Stimulation of the cells with ATP added to 
the culture medium (final concentration of 1 mM) caused a strong increase in fluorescence, indicating function-
ality of the GCaMP molecules (Fig. 3).

Germline transmission of the transgene.  As two of the founder marmosets (TG-Y and E) reached 
pubertal age, serum progesterone levels were monitored to detect onset of sexual maturity, established when the 
progesterone level rose above 10ng/ml24. Upon confirmation of an active reproductive cycle, we administered a 
superovulation-inducing treatment and collected a total of 168 oocytes via surgical laparotomies (118 from TG-Y, 
50 from TG-E). Of these, 131 (78%) matured to the MII stage and, out of this cohort, 113 (86.2%) were success-
fully fertilized by IVF (F1 embryos).

Among the F1 IVF embryos, 83 (73.5%) developed successfully in vitro and of those, 31 (37.3%) displayed 
fluorescence, indicating early expression of the transgene and successful germline transmission to the next gen-
eration (Fig. 4). Twenty embryos from TG-Y and six from TG-E were implanted into 4 and 2 recipient females, 
respectively. Three of the recipient females (50%, 3 out of 6; one CMV-GCaMP5g, two CMV-mKO-GCaMP6s) 
became pregnant and are still in advanced stages of their gestation period.

Discussion
Five different GCaMP-expressing transgenic marmoset lines were successfully generated by infection of naïve 
embryos with lentiviral vectors encoding CMV-GCaMP5g, CMV-mKO-GCaMP6s, hSyn-mKO-GCaMP6s, 
hSyn-GCaMP5g and CMV-GCaMP6s. We verified integration and expression of GCaMP molecules in different 
tissue samples obtained from all eight live births, and from 3 other stillborn infants. Functionality of the transgene 
was assessed by measuring fluorescence changes in response to a calcium challenge in cultured fibroblasts derived 
from transgenic marmosets generated using the CMV promoter and in spinal-cord tissue obtained from a trans-
genic marmoset generated using the hSyn promoter. These results show that transgenic marmosets expressing 
GECI molecules can be successfully generated, and substantiate the promise of these non-human primates as an 
invaluable animal model in neuroscience, particularly in experiments aimed at monitoring neural activity and 
intracellular calcium dynamics with functional confocal and multi-photon optical microscopy.

There are several advantages to using marmosets for creating non-human primate transgenic lines. As demon-
strated by Sasaki et al.20 and also here, germline transmission in marmosets occur two to three times faster than 
in macaques, due to their short time (15–18 months) to reach sexual maturity. In addition, marmosets are prolific 
breeders well adapted to living in captivity. Once formed, mature breeding pairs give birth twice a year, as the 

Viral construct
Collection 

method
Embryos 

transferred ET procedures
Confirmed 

pregnancies (%)
Spontaneous 
miscarriages

Successful 
deliveries

Live births (% 
birth rate) Animal ID

CMV-GCaMP5g

NAT 16 6 3 (50) 1 2 2 (33.3) TG-Y, TG-D2

IVF 57 16 5 (10) 5 0 0 (0)

Total 73 22 8 (36.4) 6 2 2 (9.1)

CMV-mKO-GCaMP6s

NAT 22 8 2 (25) 1 1 1 (13) TG-E

IVF 6 1 0 (0) 0 0 0 (0)

Total 28 9 2 (30) 1 1 1 (11.1)

hSyn-mKO-GCaMP6s

NAT 30 11 3 (27) 3a 0 0 (0)

IVF 35 9 3 (33) 1 2 3 (33) TG-S, TG-L, 
TG-D1

Total 65 20 6 (30) 4 2 3 (15)

hSyn-GCaMP5g

NAT 7 2 0 (0) 0 0 0 (0)

IVF 50 14 2 (14) 1 1 1 (7.1) TG-D3

Total 57 16 2 (12.5) 1 1 1 (6.3)

CMV-GCaMP6s

NAT 13 4 1 (25) 1 0 0 (0)

IVF 11 4 2 (50) 1 1 1 (25) TG-J

Total 24 8 3 (37.5) 2 1 1 (12.5)

hSyn-GCaMP6s IVF 28 7 1b (14.29) 0 ND ND

Total 275 82 22 (26.8) 14 7 8 (9.8)

Table 2.   Summary of statistics for production of transgenic marmosets. IVF: Oocytes collected via 
laparotomy; NAT: Naturally fertilized embryos; ET: embryo transfer; TG: transgenic animal; ND: not yet 
determined. aStillborn fetuses were spontaneously miscarried after 102d, 135d, and 134d of gestation. They were 
named M01, M02, and M03, respectively. bCurrently ongoing singleton pregnancy confirmed by ultrasound 
examination.
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gestation time is short (143–145 days) and the females can get pregnant again shortly after giving birth25. Thus the 
intergeneration time in marmosets is close to 2 years, allowing for a relatively fast establishment of homozygous 
transgenic lines free of mosaic expression of the transgene.

Specifically to neuroscience applications, marmosets retain the typical anatomical and functional organization 
of the primate brain26–28, and display many social, cognitive and behavioral functions typical of primates29–33. 
Marmoset newborns are developmentally immature, allowing for studies of primate brain development34–36 and 
yet they have the shortest lifespan amongst the anthropoid primates, thus allowing studies of neurodegener-
ative disorders37 to happen within a reasonable timeframe. Furthermore, recent advances in genome editing 

Figure 2.  Expression patterns of GCaMP in transgenic marmosets. (A) RT-PCR analysis from hair roots 
(TG-Y, E, L, S, and J), skin and spinal cord tissues (TG-D1, D2, and D3). M: DNA marker; Naïve/CMV-
GCaMP5g: wild type marmoset fibroblasts infected with CMV-GCaMP5g; Naïve: wild type marmoset. 
(B–P) Cross-section samples of spinal cord tissue from TG-D1 (B–E), M03 (F–I), and TG-D3 (J–P) were 
immunostained against GCaMP and NeuN (red) or DAPI (blue), respectively. GCaMP is highly expressed in 
the neurons of gray matter in the spinal cord.
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techniques, such as zinc finger nucleases (ZFNs), transcription activator like effector nucleases (TALENs), and 
clustered regularly interspace short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (CRISPR/cas9), 
have facilitated the generation of gene targeted non-human primates38–40. More recently, successful generation of 
IL2RG knockout marmosets with immunodeficient phenotypes have been demonstrated and provided feasibility 
of multiple preclinical and translational applications41. Therefore, marmosets hold much promise in furthering 
our understanding of the primate brain, and the development of transgenic marmosets expressing GECI mole-
cules in the brain is likely to provide a significant experimental advantage in allowing simultaneous monitoring 
of neural activity from thousands of neurons in vivo using optical imaging technology15,42.

We used lentiviral vectors to transfer the GCaMP gene into marmoset embryos derived either from natu-
ral mating (NAT) or in vitro fertilization (IVF). Lentivirus-mediated gene transfer has been recognized as an 
efficient method to generate transgenic animals, including nonhuman primates9,20,43. We were able to achieve 
an embryo cleavage rate of 80.9% and a transgene expression rate of 89.6% after subzonal injection of the lenti-
viruses, indicating the efficient integration of these proviruses into the marmoset genome with minimal inter-
ference on embryonic viability. In addition, recent progresses made on the adaptation of assisted reproductive 
techniques for marmoset monkeys, including controlled ovarian stimulation protocols, in vitro maturation and 
fertilization of oocytes, non-invasive sperm collection, embryo collection from donor females and transfer into 
recipient females, have strongly facilitated the production of transgenic marmosets and enhanced their value 
as experimental animal models23,44–49. By implementing these techniques, we were able to repeatedly recover 
pre-implantation stage marmoset NAT embryos noninvasively without any residual impact to the donor female’s 
reproductive health. As well, the use of superovulation techniques enabled us to reliably retrieve a large number of 
viable oocytes. Compared to NAT embryos, IVF embryos have the main advantage of allowing the virus infection 
at the single cell stage, which greatly minimizes mosaic expression of the transgene. In addition, the successful 
use of in vitro maturation and fertilization techniques enabled us to reduce the number of animals needed for 
generating transgenic marmosets significantly.

Validation of transgene inheritance is a necessary step both in the creation of transgenic lines and for rapid 
expansion of transgenic colonies50. Transgenic rodents generated by lentivirus-based gene delivery have demon-
strated successful germline transmission and showed similar levels of transgene expression in the progenies, indi-
cating that the provirus is not inactivated during the round of gametogenesis and during development51. In line 
with the rodent study, germline transmission, along with stable expression levels of the transgene in the offspring, 

Figure 3.  In vitro demonstration of the functionality of the transgene in cells derived from a CMV-
GCaMP5g transgenic marmoset (TG-Y). (A,B) Fluorescent images of the cells derived from TG-Y before 
(A,D,G) and after (B,E,H) stimulation of the cell culture with 1mM ATP added to the medium show robust 
changes in fluorescence with the ATP-induced increase in intracellular calcium levels. (C,F,I) Time courses of 
the changes in fluorescence in six example areas (a–f) demarcated in A, D and G. Scale bar =​ 50 μ​m.
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was demonstrated in transgenic common marmosets produced by injecting a lentiviral vector containing the 
GFP gene20. More recently, germline transmission was confirmed in a rhesus transgenic model of Huntington’s 
disease generated by lentiviral transgenesis both in embryonic stem cells generated from the founders, as well 
as in their descendants9,52,53. In the present study, the two founder transgenic females became sexually mature, 
and we were able to confirm transgene expression in IVF embryos fertilized with sperm from wild type males. 
This result shows successful transgene transmission to the next generation. The IVF embryos were transferred to 
recipient females, which are currently in advanced stages of pregnancy. Therefore, we expect to establish GCaMP 
expressing transgenic marmoset lines within a reasonably short time frame. Notably, we have determined the 
chromosomal location of the transgene integration in our founders using a methodology developed recently54,55. 
With the now readily accessible genome sequence, mapping studies of retroviral integration sites in cells have 
uncovered that HIV and HIV-based lentivectors strongly prefer integrating inside actively transcribed genes56,57. 
For example, when hematopoietic stem cells of rhesus monkeys were transplanted with MLV or SIV transduced 
CD43 +​ cells, a large number of genes were identified with two or more integration events and these genes were 
deemed common integration sites. A long-term follow up of a large cohort of nonhuman primates has shown 
completely normal hematopoiesis and lack of any progression towards neoplasia58,59, raising the possibility that 
stable transgene expression can be obtained with a relatively low risk of insertional mutagenesis. However, inte-
gration site patterns may be cell type dependent, as gene activity impacts integration site selection60. Currently, 
the distribution of lentiviral integration sites in early marmoset embryos has not been fully evaluated. In the 
future, we will monitor the segregation of transgenes and their expression patterns in the progenies, as we believe 
such work should facilitate characterization of possible positional effects on phenotype. Additionally, design of 
safer vectors, including the use of insulating elements to decrease the risk of activation of adjacent genes61–63 or 

Figure 4.  Germline transmission of GCaMP transgene to F1 embryos. (A) PCR analysis showing the 
presence of the GCaMP transgene in F1 embryos generated from TG-Y and E. (B,C) Bright-field and 
epifluorescence (B′​,C′​) images of F1 embryos. GCaMP positive IVF embryos produced from TG-Y (B,B′​) and 
TG-E (C,C′​) are indicated by arrowheads. Arrow: naïve embryo. Scale bar =​ 100 μ​m.
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novel vectors with different integration patterns64, should allow continued progress towards a safer and more 
effective transgenic technology.

The GCaMP expressing transgenic marmosets were generated under the control of both the CMV and the 
hSyn promoters. GECI molecules, including GCaMPs, have been used more largely in the field of neuroscience 
as an effective monitoring system for neural activity-dependent calcium signaling5,6,15. Since calcium signaling 
is involved in a variety of intracellular signaling pathways, GCaMP is also being applied in human pluripotent 
stem cells and in transgenic rodents engineered to express GCaMP predominantly in smooth muscle cells, car-
diomyocytes, and kidney proximal tubules, thus allowing calcium imaging without additional manipulation65–70. 
Owing to the limited access of tissues from the founder animals, a more thorough characterization of GCaMP 
expression, as well as a deeper assessment of the functionality of the transgene in vivo still remains to be per-
formed. We expect that this work will open up new possibilities for physiologic investigation of calcium dynamics 
in nonhuman primate models.

In summary, we successfully generated transgenic marmosets that stably express GCaMP under the control 
of the CMV or the hSyn promoters using lentiviral transgenesis. Germline transmission of the transgene was 
confirmed in oocytes collected from two of the founder females. These transgenic marmosets may become a 
useful and practical primate model available for the study of calcium dynamics, particularly for functional optical 
imaging of neural activity in vivo.

Methods
All procedures were approved by the Animal Care and Use Committee of the National Institute of Neurological 
Disorders and Stroke (NINDS) and performed in accordance with institutional guidelines.

DNA constructs and lentiviral production.  GCaMP5g and GCaMP6s constructs have been described4,5. 
For the CMV-GCaMP5g and CMV-GCaMP6s construct, the open reading frame of CMV-GCaMP5g 
(pCMV-GCaMP5g was a gift from Douglas Kim and Loren Logger, plasmid 31788, Addgene, Cambridge, MA, 
USA)4 or CMV-GCaMP6s (pGP-CMV-GCaMP6s was a gift from Douglas Kim, plasmid 40753, Addgene)5 
used to replace the PGK-EGFP sequence in the parental pRRLsin.cPPT.PGK-EGFP.WPRE lentiviral vec-
tor plasmid (plasmid 12252, Addgene). For the CMV-mKO-GCaMP6s construct, the humanized monomeric 
Kusabira-Orange 2 cDNA sequence was obtained from phmKO2-MC1 (mKO, AM-V0145; MBL, Tokyo, Japan), 
linked via T2A to the open reading frame of GCaMP6s (plasmid 40753, Addgene) and then used to replace the 
EGFP sequence in the lentiviral backbone vector. For the hSyn-mKO-GCaMP6s construct, the human synapsin 
I promoter sequence obtained from pDRIVE-hSynapsin (Invivogen, San Diego, CA, USA) was attached to the 
mKO-T2A-GCaMP6s sequence and subcloned into the lentiviral backbone vector. For the hSyn-GCaMP5g and 
hSyn-GCaMP6s construct, the open reading frame of GCaMP5g or GCaMP6s was replaced the mKO-GCaMP6s 
in the hSyn-mKO-GCaMP6s lentiviral vector plasmid.

Lentiviruses were produced through transient transfection of 293T cells with CMV-GCaMP5g or 
CMV-mKO-GCaMP6s plasmid, along with gag-pol, rev-tat, and VSV-G packaging plasmids71. Viruses were har-
vested daily for 4 days, filtered (0.22 μ​m; EMD Millipore, Darmstadt, Germany) and concentrated by ultracentrif-
ugation at 18000g for 4 hours at 4 °C, then reconstituted in media. For hSyn-mKO-GCaMP6s, hSyn-GCaMP5g, 
CMV-GCaMP6s and hSyn-GCaMP6s, ready to use high-titer purified lentiviral vectors were produced by the 
University of Pennsylvania School of Medicine Vector Core.

Marmoset embryo collection and lentiviral injection.  Adult common marmosets (C. jacchus, n =​ 46) 
were selected from the NINDS marmoset colony to be used in this study. The NINDS colony was established in 
1997 and it has been maintained in a self-sustaining outbred status by careful selection of breeding pairs that are 
not used for any other experimental purposes. Donor females (n =​ 6) were individually and permanently paired 
with intact males for natural (NAT) embryo collection. Another set of donor females (n =​ 4) and all recipient 
females (n =​ 16) were individually and permanently paired with vasectomized males. The animals are housed 
in pairs in dedicated cages and maintained on a twelve-hour light/dark cycle. Their diet consists of ad libitum 
Zupreem canned marmoset food, Purina 5040 biscuits, unfiltered water, and P.R.A.N.G. rehydrator. In addition, 
the animals are fed daily with various fruit and vegetable treats.

Marmoset embryos were collected from the donor females via nonsurgical uterine flushing (NAT embryos) 
or via follicular aspiration of the ovaries followed by in vitro maturation and fertilization (IVF embryos), as 
previously described20,23,46,72. Prior to the nonsurgical collection of NAT embryos, blood samples (0.1 ml) were 
taken from the femoral vein of the donor females 1 and 10 days after the injection of the cloprostenol (Estrumate; 
Schering-Plough Animal Health, Union, NJ, USA), and assayed for serum progesterone concentration using a 
Progesterone EIA kit (Cayman chemical, Ann Arbor, MI, USA). The ovulation day (Day 0) was determined as 
the day in which serum progesterone levels rose above 10 ng/ml24. Uterine flushing was performed on Days 4–7 
after ovulation and the collected embryos were cultured in BlastAssist medium (Origio MediCult Media, Måløv, 
Denmark) at 38 °C in an incubator in a humidified atmosphere of 5% CO2, 5% O2 and 90% N2. For collection 
of germinal vesicle-stage (GV) oocytes, female marmosets were subjected to a superovulation treatment and 
oocyte-cumulus complexes (COCs) were surgically aspirated as described previously23. In vitro oocyte matura-
tion was performed by incubation in porcine oocyte medium (POM; Cosmo bio Co. LTD, Carlsbad, CA, USA) 
supplemented with 5% FBS (Invitrogen, Carlsbad, CA, USA), 5 IU/ml FSH (Gonal-f, EMD Serono, Rockland, 
MA, USA) and 5 IU/ml hCG (Sigma, St. Louis, MO, USA) under the mineral oil at 38 °C in a humidified 5% CO2, 
5% O2 and 90% N2. Freshly ejaculated semen was collected in Tyrode’s albumin lactate pyruvate (TALP) medium 
(Caisson labs, North Logan, UT, USA), washed twice and placed in a incubator for 45 min in a test tube inclined 
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at a 30° angle to allow the sperm to swim up. In vitro matured oocytes were inseminated with a final concentra-
tion of 5 ×​ 106 sperm/ml for 16–20 h and fertilized embryos were cultured in ISM1 medium (Origio MediCult 
Meia)20,73.

One cell to morula stage embryos were placed in 0.25M sucrose supplemented M2 medium (Sigma), and 
the concentrated lentivirus was injected into the perivitelline space using a FemtoJet 4i and micromanipulator 
(Eppendorf North America, Inc., Hauppauge, NY, USA).

Embryo transfer and pregnancy diagnosis.  The estrus cycle of donor and recipient animals were syn-
chronized and microinjected embryos were nonsurgically transferred as previously described23,46,72. Pregnancies 
were detected with an ultrasound scanner 1–30 days after embryo transfer and monitored ultrasonographically 
monthly after initial confirmation.

Genomic DNA analysis.  Genomic DNA was extracted from tissue samples from all the transgenic marmosets 
and subject to PCR for transgene detection using the GCaMP forward (5′​-ACGATAAGGATCTCGCCACC-3′) 
and the GCaMP backward primer (5′​-GTCCATGCCGAGAGTGATCC-3′). The β​-actin forward (5′​-TCCAGCAG 
ATGTGGATCAGCAAGCAGGAG-3′​) and the β​-actin backward primer (5′​-CCGACTGCTGTCACCTTCAC 
CGTTCCAGT-3′​) were used for internal control. PCR was performed for 35 cycles of denaturation at 94 °C for 
30 s, annealing for 30 s at 59 °C and elongation at 72 °C for 30 s.

To identify transgene integration regions in transgenic marmosets, the Lenti-X integration site analysis kit 
(Clonetech, Mountain View, CA, USA) was used according to the manufacturer’s protocol. The second round of 
PCR products were cloned into the pMiniT vector (New England Biolabs, Beverly, MA, USA) for sequencing and 
alignment of the transgene-flanking sequences was conducted using the BLAST Assembled Genome Database 
(http://useast.ensembl.org/Callithrix_jacchus/Info/Index and http://blast.ncbi.nlm.nih.gov).

Reverse transcription-polymerase chain reaction.  To determine levels of transgene expres-
sion, total RNA was prepared and reverse-transcribed by the High-Capacity cDNA Reverse Transcription 
kit (Applied Biosystems, Foster City, CA, USA). PCR was performed using GCaMP forward (5′​-ACGATAA 
GGATCTCGCCACC-3′​) and GCaMP backward (5′​-GTCCATGCCGAGAGTGATCC-3′​) primers for GCaMP 
and β​-actin RT forward (5′​-AGCAGTCGGTTGGAGCGAGCAT-3′​) and β​-actin RT backward (5′​-TGGCT 
TTTGGGAGGGCAAGGGA-3′​) primers for internal transcript control74. PCR was performed for 35 cycles of 
denaturation at 94 °C for 30 s, annealing for 30 s at 59 °C for GCaMP primers or 62 °C for β​-actin primers, and 
elongation at 72 °C for 30 s.

GCaMP expression in the transgenic marmosets.  Emission of orange fluorescence expression was 
monitored from the whole body of transgenic marmosets using a FS/ULS-3GN1 head light source (Biochemical 
Laboratory Services, Budapest, Hungary) by illumination at 525–555 nm and detected by an emission filter with 
a maximal transmittance wavelength of 557–590 nm. The green fluorescence was produced by illumination at 
460–495 nm with a FS/ULS-02B2 head light source (Biochemical Laboratory Services) and detected by an emis-
sion filter with a maximal transmittance wavelength of 500–515 nm.

Primary cell cultures for calcium signaling measurements were established from aspirated follicular fluid 
after oocyte harvesting from TG-Y. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Invitrogen) containing 10% fetal bovine serum (FBS, Invitrogen), 1% penicillin/streptomycin, and 1mM gluta-
max (Invitrogen) at 38 °C, in a humidified atmosphere of 5% CO2 and 95% air. The media was changed every 2–3 
days during the culture period. To test GCaMP functionality in primary cells derived from transgenic marmosets, 
intracellular calcium signaling was evoked by elevation of the extracellular ATP level through the careful addition 
of 100mM ATP in DMEM (final concentration of 1 mM). Calcium imaging analyses were performed by detecting 
the changes in fluorescence intensities continuously at 7 Hz with a confocal laser-scanning microscope LSM 5 
Pascal (Carl Zeiss). Cells were excited with 488 nm laser beams and observed through 510–530 emission filter. 
Images were analyzed with ImageJ software (NIH, Bethesda, MD).

Flow cytometry of GCaMP transgene expression in blood.  ACK lysis solution was added to periph-
eral blood samples and incubated for 5 minutes, and then cells were diluted and washed with 1X PBS. The pellet 
was incubated with the alexa488 conjugated rabbit anti-GFP antibody (Invitrogen) and incubated for 30 min 
on ice. The sample was washed with PBS and resuspended in 200 ul of paraphenylinediamine solution. The cells 
were analyzed for forward and side scatter, and for green fluorescence (FL-1 channel) using a FACSort (BD 
Immunocytometry System, San Jose, CA, USA) with CellQuest software.

Immunohistochemistry.  Tissues from transgenic marmosets were fixed in 4% paraformaldehyde (PFA) 
in PBS overnight at 4 °C. Tissues were embedded in OCT compound, and sliced into 40 μ​m sections. Alexa488 
conjugated rabbit anti-GFP antibody (Invitrogen, 1:1,000) was used to enhance the GCaMP fluorescence and 
costained with an antibody against the neuronal marker NeuN (EMD Millipore, 1:500). Briefly, sections were 
incubated with the blocking buffer (5% normal donkey, and 0.2% Triton X-100 in 1X PBS) for 1 hr at room tem-
perature and then incubated with alexa488 conjugated rabbit anti-GFP antibody and mouse anti-NeuN antibody 
overnight at 4 °C. After incubation with the first antibody, sections were washed with 1X PBS three times for 
20 min each, followed by incubation with Alexa 647-conjugated goat anti-mouse secondary antibody (Invitrogen) 
for 1 hr at room temperature and then washed with 1X PBS. Sections were transferred onto slides, mounted with 
0.1% paraphenylinediamine in 90% glycerol/PBS, and imaged with confocal laser-scanning microscope LSM 5 
Pascal (Carl Zeiss). AlexaFluor 488 and 647 were excited with 488 and 633 nm laser beams and observed through 
510–530 and X650-nm emission filters, respectively.

http://useast.ensembl.org/Callithrix_jacchus/Info/Index
http://blast.ncbi.nlm.nih.gov
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Confirmation of germline transmission.  After the two female transgenic founder animals reached 
puberty, serum progesterone concentration was monitored for detecting the onset of their estrus cycles. The estrus 
cycle was restarted by injecting the cloprostenol (Estrumate) and subjected to superovulation treatment for surgi-
cal collection of the oocyte-cumulus complexes (COCs) as described previously23. In vitro matured oocytes were 
inseminated with freshly collected wild type sperm (final concentration of 5 ×​ 106 sperm/ml) for 16–20 h and fer-
tilized embryos were cultured in ISM1 medium (Origio MediCult Meia)20,73. Transgene integration was confirmed 
by PCR using the GCaMP forward (5′​-ACGATAAGGATCTCGCCACC-3′​) and the GCaMP backward primer  
(5′​-GTCCATGCCGAGAGTGATCC-3′​). The β​-actin forward (5′​-TCCAGCAGATGTGGATCAGCAAGCAGGAG
-3′) and the β​-actin backward primer (5′​-CCGACTGCTGTCACCTTCACCGTTCCAGT-3′​) were used for internal  
control. PCR was performed for 37 cycles of denaturation at 94 °C for 30 s, annealing for 30 s at 59 °C and elonga-
tion at 72 °C for 30 s. Emission of fluorescence expression was detected using an inverted microscope equipped 
with a digital camera (AxioCam MRm, Carl Zeiss) and transgene expressing embryos were nonsurgically  
transferred to synchronized recipient females23,46,72.
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