
Phenotype-Based Mechanistic Studies for the Assessment of Drug Safety and Drug-
Drug Interactions in Zebrafish: Efficacy of Dietary Supplements

Jyotshna Kanungo, PhD
Division of Neurotoxicology

National Center for Toxicological Research
USFDA

Views expressed in this presentation are those of the presenter and not necessarily those 
of the U.S. Food and Drug Administration



hb9-GFP

Zebrafish Embryos 

 A vertebrate with rapid 
development

 Transparent body

 Anatomic/physiologic 
and genomic similarity with 
humans

 Expression of CYP 
metabolic enzymes

 Aligns well in the 
context of the 3Rs 
(Reduce, Refine and 
Replace)



Throughput: zebrafish embryo neurotoxicity assays

Behavior assay     Transgenic/Reporter Assay     Whole embryo immunohistochemistry        In situ hybridization/neuronal markers

In vivo                                                                                      In situ

Image-based/Microscopy



Why study ketamine, 
a pediatric anesthetic and 

an NMDA receptor antagonist?

Food and Drug Administration (FDA) 
supports the Pediatric Anesthesia Safety 
Initiative (PASI).  The goal of PASI is to 
bridge the scientific and clinical gaps in 
the field of pediatrics to ensure the safe 
use of anesthetic and sedative agents in 
children. 

https://www.fda.gov/drugs/information-drug-class/pediatric-anesthesia

https://www.fda.gov/drugs/information-drug-class/pediatric-anesthesia


2007

2012

2019



Science, 2014



7

J Appl Toxicol., 2014

Internal concentration of ketamine is much lower than the original dose added to water 

Internal conc.






Ketamine-induced neurotoxicity in Vivo 
(hb9:GFP transgenic zebrafish embryos: Motor neurons and axons)

hb9-GFP Transgenic Live Embryos

Control 2 mM Ketamine

*

2 mM
Ket

J Appl Toxicol., 2013

Akeju et al. (2014) Neurotoxicol Teratol.  Ketamine reduced the number 
of hb9:GFP mouse motor neurons during differentiation of mESC. 



Critical role of calcium in ketamine-induced effects on the nervous system

BDNFDepression

Adpated from:

Antidepressant actions of ketamine: Potential role of L-type calcium channels.
B. Robinson, Q. Gu and J. Kanungo. Chem. Res. Toxicol. 2021
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Acetyl l-carnitine (ALCAR) reverses ketamine-induced effects on targets 
of calcium signaling (heart rate, MAPK and ROS) 

 Ketamine reduces heart rates in
newborn human infants and in pregnant 
and infant non-human primates.
Saarenmaa et al., Arch Dis Child Fetal Neonatal Ed., 85:F53–6, 
2001.
Hotchkiss et al., J Am Assoc Lab Anim Sci. 46:21-28, 2007.

 Ketamine suppresses
MAPK/ERK activation in mice brains.  Straiko 
et al., Anesthesiology, 110: 862-868, 2009

Reprod Toxicol., 2012

Neurosci Lett., 2019






Ketamine’s effect on ATP levels & mitochondria in zebrafish embryos

 Ketamine decreases ATP level in human induced pluripotent 
stem cell-derived neurons but does not induce ROS production.
(Ito et al., 2015, PLoS One)

 Ketamine suppresses ATP biosynthesis in HepG2 cells. 
(Chang et al., 2009, Drug Metabolism & Disposition)

 Ketamine causes reduction in mitochondrial
membrane potential in human induced pluripotent 
stem cell-derived neurons. 
(Ito et al., 2015; PLoS One)

Neurotoxicol Teratol., 2018



Control                    Ketamine          Ketamine + ALCAR

Acetyl L-carnitine (ALCAR) protects zebrafish embryos from ketamine-induced neurotoxici

hb9-GFP Tg embryos w ith motor Whole embryo 5-HT (serotonin) 
neurons expressing GFP immunohistochemistry

48 hpf embryos

ty

Control

Control

2 mM Ket

2 mM Ket + ALCAR

Neurotoxicol Teratol., 2013

72 hpf embryos

HPLC for serotonin levels 

Neurosci Lett., 2015



No effects of subanesthetic doses of ketamine on serotonin levels
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Functional studies on drug-drug interactions to delineate mechanism of action

Verapamil: a calcium 
channel blocker 

prescribed for cardiac 
dysrhythmias in all age 

groups including 
pediatric patients.

When used concomitantly, ketamine and 
calcium-channel blockers should be titrated 
carefully to avoid excessive cardiovascular 
depression (https://www.pdr.net/drug-
summary/Verelan-verapamil-hydrochloride-
960)

Cyclosporine A (CsA): an 
immunosuppressant 

used to prevent organ 
rejection after organ 

transplantation.Ketamine: 
an 

anesthetic 

Nifedipine: a calcium 
channel blocker that 
treats pediatric and 
adult hypertension.

Ketamine-induced intraoperative hypertension 
is controlled by nifedipine.  Koh et al. (1993) Masui.

Ketamine and CsA is not safe for organ 
transplant recipients (develop seizure).

CsA and ketamine co-treatment can not 
be recommended.

Agarwal et al. (2005) Anesth Analg. 
Sato et al. (2006) Anesthesiol. 
Subramaniam and Sakai (2016) Anesthesia & Preop Care for 
Organ Transplant.

www.fda.gov

https://www.pdr.net/drug-summary/Verelan-verapamil-hydrochloride-960


ALCAR prevents ketamine- and verapamil-induced cardiotoxicity

Control

Ketamine

Verapamil

Ketamine +
Verapamil

Ketamine + Verapamil + ALCAR

2 dpf embryo 
2 h treatment

J Appl Toxicol., 2017        
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ALCAR counteracts the effects of Ca++ inhibitors on heart rate

J Appl Toxicol., 2017



PCR Array (84 genes)

Neurogenic signal

J Appl Toxicol., 2021

In specific regions of the brain, repeated subanesthetic doses of ketamine induces neurogenesis in adult mice (Clarke et al., 2017, 
Neuropharmacology) and a single dose induces increased number of functional neurons in rats (Soumier et al., 2016, eNeuro).



Microarray 
(Control vs. Ketamine-treated Embryos)

Upregulated: 118 genes

Downregulated: 148 genes

mindbomb
embryo 

Mib1
Mutation

Notch
signaling

• Premature differentiation of early-born 
neurons (11.5 – 24 h).

• Depletion of neuronal progenitors
• Loss of late-born neuron generation
• Inhibition of dopaminergic, serotonergic, and 

motor neuron development

an E3 ubiquitin ligase that processes Notch ligands f or internalization

ISH with HuC (an RNA-binding protein) that is 
expressed in the neuronal precursor cells. 

Folia Biol (Prague), 2018, 64: 35-40



ALCAR’s beneficial effects on ketamine toxicity is mediated by ATP synthase

19

2 h exposure

Neurotoxicol Teratol., 2018

J Appl Toxicol., 2017

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5992061_nihms949959f4.jpg


Pluripotent stem cells Neuronal progenitor cells Differentiated neurons

Ketamine

Glycolysis

Oxidative phosphorylation (ATP synthase-dependent)



Cyclosporine (CsA) exacerbates ketamine toxicity: 
ALCAR prevents CsA/ketamine combination toxicity

C
yc

lo
sp

or
in

e
A

* Pericardial sac edema

Status of drug metabolism may not 
be a factor in ketamine + CsA toxicity

Zebrafish CYP3A65 is an ortholog of mammalian CYP3A4.                                               

J Appl Toxicol., 2017



N-acetylcysteine (NAC) prevents ketamine-induced adverse effects on development, heart rate and serotonergic neurons

48 hpf embryos

Whole-embryo immunohistochemistry

5-HT
neurons

Control                                  Ketamine                           Ketamine + NAC                         NAC
Neurosci Lett., 2018



NAC prevents ketamine-induced adverse effects on tyrosine hydroxylase-positive (TH) neurons

Whole-embryo immunohistochemistry

Control                              Ketamine                   Ketamine + NAC                       NAC

Neurosci Lett., 2018

NAC’s has beneficial effects on ketamine toxicity (behavioral change) in mice (Phensy et al., 2017a, 2017b).



ALCAR exacerbates nifedipine (NIF) toxicity in vivo 

hb9-GFP Tg Embryos

Control

Control

25 µM NIF

50 µM NIF 50 µM NIF

2 dpf 3 dpf

J Appl Toxicol., 2020
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Ketamine
BAPTA [1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid]

TMB-8 [3,4,5-trimethoxybenzoic acid 8-(diethylamino)octyl ester]
Ketamine + Cyclosporine A

L-type Ca++ channel blocker (heart-specif ic)
Verapamil

Why ALCAR does not prevent toxicities of all Ca++ antagonists?

Developmental Toxicity
Neurotoxicity

Bradycardia

ALCAR

Nifedipine

L-type Ca++ channel blocker 
(vascular system-specif ic) Vasodilation

followed by increased 
heart rate (tachycardia as 

a reflex response)

Severe 
developmental 

toxicity (e.g., cardiotoxicity)

ALCAR exacerbates 
nifedipine toxicity

Amlodipine (an L-type calcium channel blocker) toxicity (bradycardia) in a patient/L-carnitine treatment successful  
(St-Onge et al., 2013; J Med Toxicol)  



Subanesthetic doses of ketamine alleviate NIF toxicity

J Appl Toxicol., 2020



Schematic presentation of potential mechanism to explain the effects of nifedipine, 
ketamine and ALCAR 

Nitric
oxide

J Appl Toxicol., 2020

While ketamine doses used in psychiatry are lower than those used in anesthesia, there are published instances of early 
termination of psychiatric ketamine infusions due to elevations in blood pressure and heart rate. Vankawala et al., Front. Psychiatry, 24 
March 2021.

https://www.frontiersin.org/people/u/946272


Ketamine Neurotoxicity and the State-of-the-Heart

 Ketamine’s effect on the nervous system may be
pleiotropic (NMDA receptor antagonism, L-type calcium channel 
modulation, etc.), heart rate being one of the contributors. 

 Ketamine toxicities (neurotoxicity and developmental
toxicity) appear to be consequences of altered hemodynamics.

28

Zebrafish embryos: 20 h exposure
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Anesthesia/no neurotoxicity
Anesthesia/ neurotoxicity

Reprod Toxicol.  2012

Control      0.5         1.0         2.0          5.0        10.0   

Ketamine (mM)



Verapamil: Heart rate vs. motor neuron development
H
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Control                 10                    20                     50

Verapamil (µM)



Heart rate and neurodevelopment are linked



Conclusions

• Ketamine induces neurotoxicity in the zebrafish embryos at a dose 4 x that of the anesthetic dose, possibly due to 
bradycardia.

• For effects of some drugs on the nervous system to be fully assessed, developmental cardiotoxicity may be taken into 
consideration. 

• Drug-drug interaction studies reveal a better understanding of potential mechanisms of neurotoxicity.

• For assessment of neurotoxicity at the cellular and molecular level in intact whole organisms (non-invasive), zebrafish 
embryos are an ideal vertebrate model system.  

• The data from zebrafish embryo studies can bridge the gap between non-clinical and clinical findings.
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Thank you!
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