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Abstract

Cyclosporine, a calcineurin inhibitor, is successfully used as an immunosuppressant in transplant 

medicine. However, the use of this pharmaceutical during pregnancy is concerning, since 

calcineurin is thought to play a role in neural development. The risk for human brain development 

is difficult to evaluate, because of a lack of basic information on the sensitive developmental times 

and the potentially pleiotropic effects on brain development and behavior. In the present study, we 

use zebrafish as a model system to examine the effects of embryonic cyclosporine exposures. 

Early embryonic exposures reduced the size of the eyes and brain. Late embryonic exposures did 

not affect the size of the eyes or brain, but did lead to substantial behavioral defects at the larval 

stages. The cyclosporine-exposed larvae displayed a reduced avoidance response to visual stimuli, 

low swim speeds, increased resting, an increase in thigmotaxis, and changes in the average 

distance between larvae. Similar results were obtained with the calcineurin inhibitor FK506, 

suggesting that most, but not all, effects on brain development and behavior are mediated by 

calcineurin inhibition. Overall, the results show that cyclosporine can induce either structural or 

functional brain defects, depending on the exposure window. The observed functional brain 

defects highlight the importance of quantitative behavioral assays when evaluating the risk of 

developmental exposures.
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1. Introduction

The discovery of cyclosporine A as an immunosuppressive drug has revolutionized the field 

of transplant medicine, allowing allograft organ transplants to become commonplace [1]. 

Cyclosporine acts as an immunosuppressant by inhibiting calcineurin, a calcium-dependent 

protein phosphatase that plays a critical role in T-cell activation [2-3]. By inhibiting 

calcineurin and suppressing T-cell activation, cyclosporine effectively reduces the rate of 

transplant rejection. Following its success in transplant medicine, cyclosporine has been 

used for the treatment of a wide variety of autoimmune diseases, including psoriasis and 

rheumatoid arthritis [3].

Cyclosporine is classified as a pregnancy category C drug by the United States Food and 

Drug Administration [4]. In Pregnancy Category C, ‘animal reproduction studies have 

shown an adverse effect on the fetus, there are no adequate and well-controlled studies in 

humans, and the benefits from the use of the drug in pregnant women may be acceptable 

despite its potential risks; or animal studies have not been conducted and there are no 

adequate and well-controlled studies in humans’ [5-6]. The labeling of Category C 

pharmaceuticals must state that the drug ‘should be used during pregnancy only if the 

potential benefit justifies the potential risk to the fetus’ or ‘should be given to a pregnant 

women only if clearly needed’ [5]. Immunosuppressants are clearly needed in transplant 

medicine to prevent organ rejection and as a result cyclosporine treatment is continued 

during pregnancy despite the potential risk to the developing fetus [7]. The use of 

cyclosporine during pregnancy is concerning, since calcineurin is thought to play a role in 

neural development and axonal growth [8]. However, the risk for human brain development 

is difficult to evaluate, because of a lack of basic information on the sensitive developmental 

times and the potentially pleiotropic effects on brain development and behavior. Models of 

‘critical periods’ in human development predict that different types of defects may be 

induced depending on the exposure window [9], i.e. early developmental exposures can lead 

to major structural brain defects, while late developmental exposures are likely to induce 

more subtle or functional brain defects (Fig 1).

In the current study, we examine the effects of cyclosporine on brain development and 

behavior using zebrafish as a model system. The signaling pathways that regulate brain 

development and neural function are conserved in vertebrate species [10-11] and the 

zebrafish has emerged as a powerful model system in behavioral neuroscience [12-14]. 

Hundreds of synchronously developing embryos can be collected from the bottom of a tank 

on a daily basis and exposures can be carried out in a culture dish. The embryos are 

transparent, which makes it possible to image the developing brain in living embryos using 

various state-of-the-art molecular tools [15-17]. Zebrafish embryos develop rapidly. At 24 

hours post-fertilization (hpf), the embryos have a beating heart, a moving tail, two large 

eyes, and a brain with distinct brain regions [18]. The embryos hatch from their chorion 

between 2 and 3 days post-fertilization (dpf). At 5 dpf, the free-swimming larvae are 

approximately 4 mm long, have inflated swim bladders, and display a broad range of 

behaviors, which can be examined in multiwell or multilane plates [19-25].
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In the present study, zebrafish embryos were exposed to cyclosporine during different stages 

in embryonic development. We found that early embryonic exposures led to a reduction in 

eye and brain size. Late embryonic exposures did not affect the size of the eyes and brain, 

but did lead to significant behavioral defects.

2. Materials and Methods

2.1 Zebrafish embryos and exposures

Adult wild type zebrafish (Danio rerio) were originally obtained from Carolina Biological 

and have been maintained at Brown University as a genetically diverse outbred strain. For 

the analysis of structural brain defects, we used the Tg(elavl3:EGFP) line, which expresses 

the enhanced green fluorescent protein under control of a ubiquitous neuronal promotor 

[26]. Zebrafish embryos were collected within one hour after spawning and raised at 28.5°C 

in egg water, containing 60 mg/L sea salt (Instant Ocean) in deionized water and 0.25 mg/L 

methylene blue as a fungal inhibitor. Cyclosporine (cyclosporin A, Enzo Life Sciences) and 

FK506 (tacrolimus, Enzo Life Sciences) were diluted in egg water from 1000x stocks 

dissolved in dimethylsulfoxide (DMSO). The corresponding DMSO concentration (0.1% 

DMSO) was used as a control. Embryos were exposed from 2-26 hours post-fertilization 

(hpf), 26-50 hpf, or 50-74 hpf, washed four times in egg water, and grown in egg water for 

up to 5 days post-fertilization (dpf). The developing zebrafish are referred to as ‘embryos’ 

from 0-3 dpf and as ‘larvae’ afterwards [27].

2.2 Analysis of eye and brain defects

To examine eye size, wild type embryos were imaged at 3 dpf in a ventral view by standard 

bright-field microscopy on a Zeiss Axiovert 200M microscope, using a 10x objective. The 

eye length was measured in ImageJ, which can be downloaded at http://imagej.nih.gov/ij/

download.html. Measurements of the left and right eyes were averaged in Microsoft Excel. 

These values were subsequently averaged over the number of embryos (n = number of 

embryos). To examine brain structure, Tg(elavl3:EGFP) embryos were imaged at 3 dpf by 

confocal or wide-field fluorescence microscopy. For confocal microscopy, the embryos 

were grown from 22-72 hpf in 0.003% 1-phenyl-2-thiourea (PTU) in egg water to suppress 

pigmentation. The 3 dpf embryos were oriented in 0.8% low-gelling temperature agarose. 

Neural patterns were imaged on a Leica SP2 AOBS confocal microscope using a 20x 

objective for a frontal view (transverse sections) or a 10x objective for a dorsal view 

(coronal sections). Z-stacks of 125 slices were acquired through 150 μm of the brain using a 

2 Airy unit pinhole, a 488 nm laser for excitation, and a 510-600 nm filter. The data sets 

were examined by collapsing the stacks as maximum projections and by FluidVis 3D 

visualization [28]. For wide-field fluorescence microscopy, Tg(elavl3:EGFP) embryos were 

imaged at 3 dpf in a dorsal view on a Zeiss Axiovert 200M microscope, using 10x objective 

and a Hamamatsu ORCA-ER monochrome camera. Larvae were oriented in 2% methyl 

cellulose in egg water. Forebrain, midbrain, and hindbrain length, width and area were 

measured in ImageJ.
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2.3 Head-trunk angles

To examine if embryos display developmental delays, we measured the head-trunk angle as 

described previously [18]. Embryos were oriented in 2% methyl cellulose in egg water and 

imaged in a side view. The angles were measured in ImageJ by drawing a line from the 

center of the eye to the center of the ear and a second line parallel to the notochord in the 

mid-trunk region.

2.4 Larval morphology

At 5 dpf, wild type larvae were oriented in 2% methyl cellulose in egg water and were 

imaged by standard bright-field microscopy on a Zeiss Axiovert 200M microscope, using a 

5x objective and an AxioCam MRc5 color camera. A white reference image was acquired to 

avoid gradients in the background. Images from the anterior and posterior halves of the 

larvae were stitched with Fiji software [29], which can be downloaded at http://fiji.sc/. We 

used a linear blending method developed by Stephan Preibisch [30], which is available in 

the Fiji software under plugins, stitching, depreciated, 2D stitching by linear blending.

2.5 Analysis of behavior

The behavior of wild type zebrafish larvae was analyzed at 5 dpf. The 5 dpf larvae receive 

nutrients from their yolk sac and effects of feeding can be avoided at this time [21]. The 

larvae were imaged with a custom-built imaging system, as described previously [24-25]. In 

summary, the system includes a 15 megapixel Canon EOS Rebel T1i digital camera and an 

Acer Aspire 5517 laptop with a 15.6 inch screen to provide visual stimuli to the larvae. 

Larval behavior was examined in a ‘five-lane’ plate, with 5 larvae per lane (25 larvae per 

plate). The five-lane plate is made using a Nunc 1-well rectangular plate (Fisher 

12-565-493), 50 ml of 0.8% agarose in egg water, and a CNC-milled plastic mold [25]. Each 

lane is 18 mm wide, 70 mm long and 3.5 mm deep and has 60° sloping edges to avoid 

shadows and blind spots along the perimeter of the swimming area. The lanes have ample 

space to examine larval interactions and measure avoidance of aversive visual stimuli. 

Larvae were first imaged for 15 minutes without visual stimuli and then for 15 minutes in 

the presence of a moving red bar, which is 1.3 cm wide and moves up and down at a speed 

of 17 mm/sec in the upper half of the lanes. Images were acquired every 6 seconds for a 30 

minute period and were analyzed in ImageJ. We developed an ImageJ macro (version 25k) 

that automatically separates the color channels, subtracts the background, applies a 

threshold, identifies larvae based on particle size, and repeats these steps for subsequent 

images in a series. This macro can be downloaded from Clift et al. 2014 [21]. The macro 

generates a long list of X,Y coordinates indicating the location and orientation of the larvae 

over time. The list of X,Y coordinates is copied in a Microsoft Excel template, which 

calculates: a) the percentage of time that the larvae are located in the lower half of the lane, 

away from the visual stimuli, b) the swim speed, c) the percentage of time that the larvae 

rest, which is defined as the percentage of time the larvae move less than 1 mm in a 6 

second interval, d) the average distance between larvae, e) the percentage of time that larvae 

are together, which is defined as less than 5 mm apart from the nearest neighbor, and f) the 

percentage of time that larvae are located along the edge of the lane, which is defined as the 

outer 3 mm perimeter of the swimming area.
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2.6 Statistical Analyses

The averages and standard errors of the mean (± SEM) were calculated and graphed in MS 

Excel. The eye and brain defects were averaged on a per-embryo basis (N= number of 

embryos). To assure independence of measurements in the behavioral analyses, larval 

behavior was averaged on a per-lane basis (N= number of lanes). Differences between the 

treated groups and the corresponding DMSO controls were tested for significance with a t-

test (two-tailed, unequal variance). For the initial dose-response studies, the data were 

analyzed with a one-way ANOVA (p<0.01) using a post-hoc Bonferroni correction for 

multiple comparisons (four cyclosporine concentrations vs. a single DMSO control).

3. Results

3.1 Cyclosporine exposures affect eye size

Since calcineurin subunits are expressed in the developing brain and eye [31], we first 

examined if cyclosporine induces morphological defects in these organ systems. To examine 

the effects of cyclosporine on eye development, wild type embryos were exposed to 1, 2, 5 

and 10 μM cyclosporine from 2-26 hpf and imaged at 3 dpf by standard bright-field 

microscopy. The length of the eyes was 331 μm (±2) in the controls vs. 326 μm (±3), 317 

μm (±3), 300 μm (±4) and 270 μm (±5) in embryos treated with 1, 2, 5, and 10 μM 

cyclosporine, respectively (Fig. 2). The ANOVA was <0.01 and the post-hoc analysis 

revealed that embryos exposed to 2, 5, or 10 μM cyclosporine have significantly smaller 

eyes than the DMSO-treated controls (8×10−4, 2×10−8, 8×10−13, N=25 embryos per group). 

In contrast, the 1 μM cyclosporine exposure did not affect eye size (p=0.15, N=25). The 

smaller eye size with 2, 5 and 10 μM cyclosporine (compared to the DMSO controls), 

corresponds to a 4%, 9% and 19% change, which can be reliably detected due to the low 

variability in the measurements of eye size. The 10 μM cyclosporine concentration was used 

in subsequent experiments.

3.2 Cyclosporine exposures affect brain size

The effect of cyclosporine on the developing brain was examined in Tg(elavl3:EGFP) 

embryos, exposed to 10 μM cyclosporine from 2-26 hpf and imaged at 3 dpf by confocal and 

wide-field fluorescence microscopy. Confocal microscopy, combined with 3D visualization 

of the resulting data sets, is ideally suited for exploratory analyses of neural patterns [28] 

and revealed a cyclosporine-induced reduction in brain size (Fig. 3). Once identified, this 

effect was efficiently quantified by wide-field fluorescence microscopy (Fig 3C,F,G,H). The 

length of the forebrain was 139 μm (±3) in the DMSO-treated controls vs. 109 μm (±4) in 

the cyclosporine-treated embryos (p=1×10−5, NDMSO=16, NCsA=10). The width of the 

forebrain, measured at the broadest forebrain region, was 204 μm (±2) in the DMSO-treated 

controls vs. 180 μm (±3) in the cyclosporine-treated embryos (p=2×10−5, NDMSO= 16, 

NCsA=10). The length of the midbrain was 214 μm (±6) in the DMSO-treated controls vs. 

169 μm (±5) in the cyclosporine-treated embryos (p=5×10−6, NDMSO=16, NCsA=10). The 

width of the midbrain, measured at the broadest midbrain region, was 413 μm (±3) in the 

DMSO-treated controls vs. 338 μm (±7) in the cyclosporine-treated embryos (p=1×10−7, 

NDMSO=16, NCsA=10). The width of the hindbrain, measured at the boundary between the 

cerebellum and medulla, was 244 μm (±2) in the DMSO-treated controls vs. 221 μm (±2) in 
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the cyclosporine-treated embryos (p=1×10−6, NDMSO=16, NCsA=10). In summary, 

cyclosporine induced a significant decrease in eye size (Fig 2) and induced a significant 

decrease in all measured lengths and widths of the brain (Fig 3G). To examine if these 

effects could be attributed to a general delay in development, we measured the embryonic 

head-trunk angles, which is a standard method for staging zebrafish embryos [18]. We found 

that embryos exposed to 10 μM cyclosporine from 2-26 hpf do not display significant 

differences in the head-trunk angle compared to untreated or DMSO-treated controls (Fig 

3H). Based on these results, we conclude that early embryonic cyclosporine exposures cause 

a reduction in eye size and a reduction in brain size that cannot be explained by a general 

developmental delay.

3.3 Sensitive periods

To determine if there is a sensitive period for the eye and brain defects, embryos were 

exposed to 10 μM cyclosporine from 0-1 dpf (day 1), 1-2 dpf (day 2), or 2-3 dpf (day 3). We 

measured the eye length at 3 dpf (Fig 4A). In addition, since prior analyses showed effects 

on brain length and width, we measured the area of the forebrain (Fig 4B), area of the 

midbrain (Fig 4C) and the area of the cerebellum in the anterior-dorsal region of the 

hindbrain (Fig 4D). Day 1 exposures induced a significant decrease in the size of the eyes, 

forebrain, and midbrain. The eye length was 327 μm (±4) in the DMSO-treated controls vs. 

266 μm (±3) in the cyclosporine-treated embryos (p=2×10−14, NDMSO=20, NCsA=20). The 

forebrain area was 24,864 μm2 (±534) in the DMSO-treated controls vs. 16,870 μm2 (±865) 

in the cyclosporine-treated embryos (p=8×10−7, NDMSO=16, NCsA=10). The midbrain area 

was 73,465 μm2 (±1,331) in the DMSO-treated controls vs. 51,128 μm2 (±1852) in the 

cyclosporine-treated embryos (p=1×10−8, NDMSO=16, NCsA=10). Day 2 exposures induced 

a significant decrease in the size of the eyes, forebrain, midbrain and hindbrain (cerebellum). 

The eye length was 328 μm (±2) in the DMSO-treated controls vs. 275 μm (±6) in the 

cyclosporine-treated embryos (p=4×10−9, NDMSO=20, NCsA=20). The forebrain area was 

25,936 μm2 (±801) in the DMSO-treated controls vs. 16,637 μm2 (±917) in the 

cyclosporine-treated embryos (p=1×10−7, NDMSO =13, NCsA=12). The midbrain area was 

73,651 μm (±1,434) in the DMSO-treated controls and vs. 52,723 μm2 (±1,564) in the 

cyclosporine-treated embryos (p=1×10−9, NDMSO=13, NCsA=12). The area of the 

cerebellum was 43,824 μm2 (±1,917) in the DMSO-treated controls vs. 38,722 μm2 (±837) 

in the cyclosporine-treated embryos (p=0.03, NDMSO=13, NCsA=12). In summary, day 1 

cyclosporine exposures led to a significant 19%, 32% and 30% decrease in the size of the 

eyes, forebrain and midbrain and day 2 cyclosporine exposures led to a significant 16%, 

36%, 28%, and 12% decrease in the size of the eyes, forebrain, midbrain and cerebellum, 

respectively. In contrast, day 3 cyclosporine exposures did not induce significant changes in 

the size of the eyes, forebrain, midbrain, or cerebellum. Based on these results, we conclude 

that the size of eyes and the size of the brain are sensitive to cyclosporine exposures during 

early embryonic development (day 1 and 2), but not during late embryonic development 

(day 3).

3.4 Late embryonic exposures lead to changes in behavior

To examine if day 3 cyclosporine exposures induce functional brain defects, we grew 

DMSO and cyclosporine-exposed larvae to 5 dpf for behavioral analyses. At 5 dpf, the 
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DMSO-treated and cyclosporine-treated larvae are indistinguishable by morphological 

criteria (Fig 5). However, the cyclosporine-exposed larvae displayed various behavioral 

defects in a 5-lane moving bar assay (Fig 6). This assay has two components. During the 

first 15 minutes, behaviors are analyzed without visual stimuli. During the subsequent 15 

minutes, behaviors are analyzed in the presence of an aversive visual stimulus, a red moving 

bar, which the larvae avoid [21, 25]. We found that day 3 cyclosporine exposures affected 

the avoidance response (Fig 7A), swim speed (Fig 7B), resting (Fig 7C), the average 

distance between larvae (Fig 7D), the percentage of time that larvae are close together (Fig 

7E), and the percentage of time the larvae spend on the edge of the swimming area (Fig 7F). 

Specifically, the time that larvae spent down in the lane, away from the visual stimulus, was 

82% (±3) in the DMSO-treated controls vs. 67% (±3) in the cyclosporine-treated embryos 

(p=2×10−4, NDMSO=40, NCsA=37). The swim speed without visual stimuli was 29 mm/min 

(±2) in the DMSO-treated controls vs. 22 mm/min (±2) in the cyclosporine-treated embryos 

(p=0.001, NDMSO=40, NCsA=37). Similarly, the swim speed with visual stimuli was 27 

mm/min (±1) in the DMSO-treated controls vs. 21 mm/min (±2) in the cyclosporine-treated 

embryos (p=0.005, NDMSO=40, NCsA=37). The percentage of time that larvae rest without 

visual stimuli was 44% (±2) in the DMSO-treated controls vs. 61% (±3) in the cyclosporine-

treated embryos (p=3×10−6, NDMSO=40, NCsA= 37). Similarly, the percentage of time that 

larvae rest with visual stimuli was 46% (±2) in the DMSO-treated controls vs. 62% (±3) in 

the cyclosporine-treated embryos (p=2×10−5, NDMSO=40, NCsA=37). The larval distance in 

the presence of visual stimuli was 26 mm (±1) in the DMSO-treated controls vs. 32 mm (±1) 

in the cyclosporine-treated embryos (p=8×10−4, NDMSO=40, NCsA=37). The percentage of 

time that larvae were together (<5 mm apart), without visual stimuli, was 11% (±1) in the 

DMSO-treated controls vs. 25% (±3) in the cyclosporine-treated embryos (p=2×10−4, 

NDMSO=40, NCsA=37). The percentage of time that the larvae were located on the outer 

edge of the swimming area, without visual stimuli was 67% (±1) in the DMSO-treated 

controls vs. 82% (±2) in the cyclosporine-treated embryos (p=1×10−7, NDMSO=40, 

NCsA=37). Similarly, the percentage of time that the larvae were located on the outer edge of 

the swimming area, with visual stimuli was 74% (±1) in the DMSO-treated controls vs. 81% 

(±2) in the cyclosporine-treated embryos (p=0.001, NDMSO=40, NCsA=37). We conclude 

that cyclosporine exposures during late embryonic development lead to significant 

behavioral changes in free-swimming zebrafish larvae.

3.5 The calcineurin inhibitor FK506 induces similar defects

We examined whether similar developmental defects may be induced by FK506, another 

calcineurin inhibitor that is used as an immunosuppressant in transplant medicine [2-3]. We 

found that embryos exposed to 1 μM FK506 from 2-26 hpf displayed a similar decrease in 

eye size as embryos exposed to 10 μM cyclosporine. The length of the eyes was 327 μm 

(±2) in the DMSO-treated controls vs. 279 μm (±7) in the FK506-treated embryos 

(p=2×10−6, NDMSO=18, NFK506= 18 embryos). Embryos exposed to 1 μM FK506 from 2-26 

hpf displayed a reduction in brain size, similar to the reduction in brain size observed in 

cyclosporine-exposed embryos. The area of the forebrain was 21,908 μm2 (±480) in the 

DMSO-treated controls vs. 17,575 μm2 (±739) in the FK506-treated embryos (p=2×10−4, 

NDMSO=10, NFK506=10). The area of the midbrain was 67,347 μm2 (±1,683) in the DMSO-

treated controls vs. 57,530 μm2 (±2,006) in the FK506-treated embryos (p=0.002, 
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NDMSO=10, NFK506=10). The area of the hindbrain (cerebellum) was not significantly 

reduced in the FK506-treated embryos. In summary, FK506 induces a significant 15% 

reduction in eye length, 20% reduction in forebrain area, and 15% reduction in midbrain 

area.

Embryos exposed to 1 μM FK506 during day 3 displayed similar behavioral defects as 

embryos exposed to 10 μM cyclosporine during day 3. Specifically, the percentage of time 

that larvae avoid the visual stimulus was 79% (±3) in the DMSO-treated controls vs. 63% 

(±2) in the FK506-treated embryos (p=7×10−5, NDMSO=33, NFK506=30). The percentage of 

time that the larvae were located on the outer edge of the swimming area, without visual 

stimuli was 71% (±2) in the DMSO-treated controls vs. 83% (±1) in the FK506-treated 

embryos (p=1×10−6, NDMSO=33, NFK506=30). Similarly, the percentage of time that the 

larvae were located on the outer edge of the swimming area, with visual stimuli, was 73% 

(±2) in the DMSO-treated controls vs. 80% (±1) in the FK506-treated embryos (p=0.002, 

NDMSO=33, NFK506=30). The larval distance in the presence of visual stimuli was 26 mm 

(±1) in the DMSO-treated controls vs. 33 mm (±1) in the FK506-treated embryos 

(p=2×10−5, NDMSO=33, NFK506=30). While the FK506-induced changes in behavior are 

similar to the cyclosporine-induced changes in behavior, the behavioral profiles of FK506 

and cyclosporine are not identical. The swim speed without visual stimuli was 22 mm/min 

(±2) in the DMSO-treated controls vs. 27 mm/min (±2) in the FK506-treated embryos 

(p=0.052, NDMSO=33, NCsA=30). The percentage of time that larvae rest without visual 

stimuli was 56% (±3) in the DMSO-treated controls vs. 53% (±3) in the FK506-treated 

embryos (p=0.5, NDMSO=33, NCsA=30). Thus, the effects of FK506 on swim speed and 

resting are not significant and show a trend in the opposite direction compared to the effects 

of cyclosporine on swim speed and resting. In summary, FK506 induced a significant 

decrease in avoidance of visual stimuli, increase in thigmotaxis, and increase in larval 

distance in the presence of visual stimuli, similar to the behavioral defects induced by 

cyclosporine exposures. However, the cyclosporine-induced decrease in swim speed and 

increase in resting were not observed after FK506 exposure.

4. Discussion

The results of this study show that cyclosporine exposures during embryonic development 

can induce structural or behavioral defects, depending on the exposure window (Fig 8). 

Early embryonic cyclosporine exposures (day 1 or day 2) led to a reduction in eye size and 

brain size. Late embryonic exposures (day 3) did not affect eye and brain size, but did lead 

to significant behavioral defects in free-swimming zebrafish larvae.

Eye and brain defects were induced by early exposures to either cyclosporine or FK506. 

Both calcineurin inhibitors are immunosuppressants, but act through different mechanisms: 

cyclosporine inhibits calcineurin via cyclophilin and FK506 inhibits calcineurin via FKBP 

[2]. The similar defects induced by different calcineurin inhibitors, suggests that the 

observed effects are mediated by an inhibition of calcineurin signaling. It remains to be 

established if these effects are cell autonomous or if calcineurin signaling in other 

embryonic tissues influence development of the eye and brain. Calcineurin subunits are 
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expressed in the developing brain and in the retina of the eye [31], suggesting that cell-

autonomous processes might be important.

The late embryonic cyclosporine exposures led to various behavioral defects in free-

swimming zebrafish larvae. The cyclosporine-exposed larvae displayed a reduced avoidance 

response, lower swim speeds, increased resting, and an increased preference for the edge of 

the swimming area. In addition, cyclosporine exposure affected larval interactions. The 

cyclosporine-exposed larvae remain further apart in the presence of visual stimuli, but spent 

more time close together without visual stimuli. It is possible that this broad range of 

behavioral defects is caused by an overarching syndrome. Previous studies have shown that 

thigmotaxis, a preference for the edge of a swimming area, is an anxiety-related behavior in 

zebrafish larvae [32-33]. In addition, the observed increase in immobility or ‘resting’ and 

low swim speed may reflect an increase in ‘freezing’ behavior, similar to larval freezing 

induced by a novel visual stimulus [34] and anxiety-related freezing behaviors in adult 

zebrafish [35]. Thus, the cyclosporine-induced increase in thigmotaxis and immobility could 

be indicative of an anxiety-related syndrome. However, it is also possible that the various 

behavioral defects are not linked by an overarching mechanism. For example, the 

organophosphate pesticide chlorpyrifos induces low swim speeds and decreased thigmotaxis 

[36], showing that the low swim speed and elevated thigmotaxis observed in the present 

study are not necessarily linked. In addition, the observed changes in larval interactions 

suggest that cyclosporine may induce a multifaceted syndrome.

Since day 3 cyclosporine and FK506 exposures induce similar behavioral defects, these 

defects are likely caused by calcineurin inhibition. The underlying mechanisms may include 

calcineurin-dependent axonal growth and guidance or calcineurin-dependent neuronal 

apoptosis in the developing brain, similar to the roles of calcineurin in other systems [8, 37]. 

A better understanding of these basic developmental mechanisms could provide novel 

insights in various neurodevelopmental disorders. For example, in Down syndrome, 

calcineurin/NFAT signaling is thought to be suppressed by RCAN1 and DYRK1A located 

on chromosome 21 [38-39], but little is known about the neural mechanisms that are 

affected by this suppression of calcineurin/NFAT signaling. In addition to the behavioral 

defects induced by both cyclosporine and FK506, we found that cyclosporine induced a few 

behavioral defects that were not observed with FK506. The reduced swim speeds and 

increased resting were observed after cyclosporine exposure, but not after FK506 exposure. 

Possibly, this subset of behavioral defects is caused by off-target effects, i.e. effects that are 

not mediated by calcineurin inhibition. Since the behavioral assays may be used to identify 

both calcineurin-mediated effects and off-target effects, the assays could be valuable for the 

development novel pharmaceuticals with minimal off-target effects.

Cyclosporine is used to prevent organ rejection in transplant medicine and has been 

successfully used during pregnancy [7]. These pregnancies are considered high risk and 

close maternal and fetal surveillance is vital. The results of our study raise the question if 

cyclosporine induces developmental brain disorders when used during pregnancy. However, 

to what extent can our results in zebrafish be translated to developmental disorders in 

humans? On one hand, there are substantial differences between zebrafish and human 

embryos, for example in the speed of development and the environment surrounding the 
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embryo. In addition, it is unclear how the 1-10 μM (1.2-12 mg/L) cyclosporine 

concentrations used in this study relate to the 0.8-2 mg/L in the serum of patients who take 

cyclosporine for immunosuppression [40] and the unknown cyclosporine concentrations in 

developing human embryos. On the other hand, the conserved signaling pathways that 

regulate brain development [10-11] and the substantial structural and functional brain 

defects that were observed in the current study suggest that there is reason for concern. Data 

from clinical studies and data from studies using various model systems can be taken into 

account when advising patients who have transplants or autoimmune diseases. In addition, if 

calcineurin inhibitors are used during pregnancy, it is prudent to carry out health assessment 

not only during pregnancy, but also during childhood and adolescence. Finally, our results 

highlight the importance of studying different exposure windows in zebrafish and other 

animal model systems. The different exposure windows, combined with quantitative 

analyses of behavior, provide a better basic understanding of the factors that can induce 

functional brain defects during specific sensitive periods in development.
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Highlights

• We examined the effects of cyclosporine exposures during zebrafish 

development.

• Early embryonic exposures led to a reduction in eye size and brain size.

• Late embryonic exposures led to behavioral defects.

• The use of cyclosporine during pregnancy is concerning.
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Fig 1. Critical or sensitive periods in human development
Most developing organs are sensitive to teratogens during the embryonic period from 4-10 

weeks of gestation. A notable exception is the central nervous system (CNS), which remains 

sensitive throughout the fetal period from 10-40 weeks of gestation. To illustrate the 

extended period of sensitivity of the CNS, we redrew the textbook model from Moore et al. 

2013 [9] on a linear 40-week scale (with permission). Dark blue = major structural defects, 

light blue = minor structural or functional defects. 40 weeks of gestation = 38 weeks of 

development.
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Fig 2. Cyclosporine exposures affect eye size
A) Control embryo, exposed to 0.1% DMSO from 2-26 hpf and imaged at 3 dpf. B) Embryo 

exposed to 10 μM cyclosporine from 2-26 hpf and imaged at 3 dpf. C) Measurements of eye 

size in embryos exposed to various concentrations of cyclosporine. Arrows indicate the 

maximum eye diameter, which was used as a measure of eye size. ** = p<0.01 / 4 (two-

tailed t-test with Bonferroni correction for multiple comparisons). Scale bar = 100 μm.
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Fig 3. Cyclosporine exposures affect brain size
A-C) Control embryos exposed to 0.1% DMSO from 2-26 hpf and imaged at 3 dpf. D-F) 

Embryos exposed to 10 μM cyclosporine from 2-26 hpf and imaged at 3 dpf. A,D) frontal 

view by confocal microscopy. B,E) dorsal view by confocal microscopy. C,F) dorsal view 

by fluorescence microscopy, with outlines of the forebrain (FB), midbrain (MB) and 

hindbrain (HB). G) Length and width of forebrain, midbrain and hindbrain. H) 

Measurements of the head-trunk angle. The cyclosporine-treated embryos do not display a 

significant developmental delay compared to the DMSO-treated or untreated controls. For 

imaging brain size, we used elav:GFP embryos, which express GFP in the brain and spinal 

cord. Arrow heads = measurements of brain width. CsA=cyclosporine exposure. Scale bars 

= 100 μm. ** p<0.01 (two-tailed t-test).
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Fig 4. 
Sensitive periods for eye and brain defects. A) Eye size. B) Forebrain area. C) Midbrain 

area. D) Anterior hindbrain area (cerebellum). Embryos exposed to 10 μM cyclosporine 

(CsA) from 0-1 and 1-2 dpf display a reduction in eye and brain size. In contrast, embryos 

exposed from 2-3 dpf do not display a reduction in eye and brain size. The wild type (A) and 

elav:GFP embryos (B-D) were imaged at 3 dpf. * p<0.05, ** p<0.01 (two tailed t-test).
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Fig 5. 
Larval morphology at 5 dpf. A) Control larva, exposed to 0.1% DMSO from 2-3 dpf. B) 

Larva exposed to 10 μM cyclosporine from 2-3 dpf. These late embryonic cyclosporine 

exposures do not induce gross morphological defects. Scale bar = 200 μm.
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Fig 6. 
Automated analysis of behavior in a five-lane plate. Five-day-old larvae are imaged for 15 

minutes without visual stimuli (left panel) and then for 15 minutes in the presence of a red 

bar, which moves up and down in the upper half of the lanes (right panel). The larvae swim 

towards the lower half of the lanes, away from the visual stimulus.
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Fig 7. 
Behavioral defects at 5 dpf. A) Avoidance of visual stimuli. B) Swim speed. C) Resting 

(larvae move less than 1 mm / 6 sec interval). D) Average distance between larvae. E) 

Together (larvae are less than 5 mm apart). F) Edge preference or thigmotaxis (larvae are 

less than 3 mm from the perimeter). The cyclosporine-exposed embryos display significant 

behavioral defects, as compared to the DMSO-treated controls (** p< 0.01, t-test). DMSO = 

Control embryos were exposed to 0.1% DMSO from 2-3 dpf. CsA = Embryos were exposed 

to 10 μM cyclosporine from 2-3 dpf. Gray bars = without visual stimuli. Red bars = with 

visual stimuli.
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Fig 8. 
Summary of sensitive periods in zebrafish development. Early embryonic exposures to 

cyclosporine lead to structural brain defects. Late embryonic exposures to cyclosporine lead 

to behavioral defects. Blue = window of cyclosporine exposure.
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