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While the presence of ACE2 and its expression in brain structures, along with its recent link with the novel SARS-CoV-2,
are known, their impact on the development of the brain and on the activity of the HPA axis in larval zebrafish is not known.
Therefore, the primary objective of this study was to determine how silencing the ACE2 gene affects DA neurogenesis and
the endocrine stress response in larval zebrafish (Danio rerio). In this investigation, an ACE2 AUG morpholino
oligonucleotide was introduced by electroporation into the 96 hpf zebrafish in order to silence the expression of the ACE2
gene using antisense technology. Electroporation of the embryo in 1X PBS on 1.5% Agarose gel with ACE2 AUG
morpholino oligonucleotide was done to transfer it into the embryo. After successful transfer, no visible morphological
changes were observed. A significant reduction in ACE2 gene expression confirms the successful oligonucleotide transfer.
Nurrl expression was significantly reduced as ACE2 expression was silenced, but there was no significant effect on GCR or
CRH expression. Interestingly, a significant increase in locomotor activity was seen after the silencing of ACE?2 expression.
Overall, these results facilitate the prediction of possible neurological manifestations of brain ACE2 dysregulation during

and after COVID-19 infection.
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SARS-CoV-2 uses the angiotensin-converting enzyme
(ACE2) protein, a single-pass type 1 transmembrane
receptor, as an assess portal to cells'. The expression of
ACE?2 was identified in multiple cell types, such as type
II alveolar cells of the respiratory system, enterocytes,
intestinal epithelial cells, endothelial cells, epithelial
cells of the conjunctival epithelium, kidney cells (renal
tubules), and certain immune cells, such as alveolar
monocytes/macrophages and certain cells of the CNS,
including those of the cerebral cortex and brainstem®”.
Brain angiotensin (Ang) converting enzyme-2
(ACE2) was discovered two decades ago as a key
regulator in the classical axis of the renin-angiotensin
system (RAS), a hormonal system that regulates not
only systemic vascular resistance to blood flow and
blood pressure but also fluid and electrolyte balance®.
More recently, ACE2 has been shown to play critical
roles in neuro-inflammation, gut dysbiosis, and the
regulation of stress and anxiety-like behaviors’. The
acute and chronic neurological manifestations of
COVID-19, as well as its potential contribution to
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long-term adverse cerebrovascular, neuropsychiatric,
and neurodegenerative pathologies, are still poorly
understood.

Accumulating studies have proved that perinatal
exposure to environmental adverse conditions such as
toxic compounds, stress, and drug treatments causes
anxiety and depression-related behaviors'®. Such
conditions are frequently associated with functional
abnormalities in the HPA axis and in the dopamine
(DA) system.

The HPA axis is a network of brain and peripheral
systems; it contains the hypothalamus, which releases
corticotropin-releasing factor (CRF), and projects to
the anterior pituitary, which secretes
adrenocorticotropic hormone (ACTH). The end
product of HPA axis activation (i.e., the release of
glucocorticoids by the adrenal gland) serves to alert
an organism to environmental and physiological
changes and to maintain homeostasis''. Brain stem
catecholaminergic centers play an important role in
the regulation of the HPA axis. However, the DA
system is an important afferent modulator of this
region as it plays a key role in the response to stress
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and, in particular, in the pathological response
observed in many neurological disorders'”. The
present study examines the poorly understood link
between ACE2 expression and DA neurogenesis,
CRF, glucocorticoids, and behavior, with a particular
focus on early development.

In neurochemistry, transgenic and knockout animal
models are invaluable tools to study neurohormonal
systems since they reveal the effects of changes in
single components of these systems on the whole
physiology, as has been exemplified for the RAS".
Mice that ubiquitously overexpress ACE2 by
germline deletion of a stop-lox cassette result in
decreased CRH synthesis and suppress anxiety-like
behavior in the elevated plus maze. In the Morris
water maze and the Y-maze experiments, ACE2-
deficient mice show severe impairment in memory
and cognition'’. Although DA signaling has long been
implicated in motor programming, reward-related
behaviors, visual and olfactory perceptions,
thermoregulation, learning and memory, and
emotions, the downstream mediator of ACE2 in the
regulation of neurogenesis remains elusive.

The zebrafish (Danio rerio) has emerged as a
powerful model to study the development of DA
systems and their physiology'>'®. In addition, the
early development of an intact DA system during the
embryo (i.e., 18 h postfertilization [hpf] to 3 days
postfertilization [dpf]) and larval (>3 dpf) stages'”'®
makes the zebrafish a good model for investigating
DA neurogenesis.  Previous  neuroanatomical
investigations in zebrafish have demonstrated that the
major dopaminergic innervation of the pituitary
originates from a subset of neurons (preoptic-
hypophyseal DA (POHDA)) in the antero-ventral part
of the preoptic area. thus providing morphological
support for the DA actions on the anterior pituitary
hormone secretion in zebrafish. Expression profiles of
several genes (foxgla, dix2a, and nr4ala/b) were
different in the POHDA compared with the adjacent
suprachiasmatic DA neurons, suggesting that POHDA
neurons develop as a distinct DA cell population in
the preoptic area'’.

Interestingly, Zebrafish ace2 and RAS signaling
are highly conserved in sequence and structure
compared to their mammalian counterparts. The
localized expression of ACE2 in the anterior
neuromasts and the forming olfactory organs was
demonstrated in zebrafish during the embryonic (i.e.,
17 h postfertilization [hpf]) to larval (>3 dpf) stages,

making the zebrafish a good model for investigating
ACE2 expression. However, to our knowledge, there
is no study investigating the changes in ace2
expression over the development of DA neurons
controlling anterior pituitary functions.

Nurrl is an early mdDA differentiation gene; deletion
of this gene results in a delay in mdDA neuronal
differentiation, indicating that this gene is involved in
the correct specification of DA  progenitors.
Proliferating matrix zones have been detected within the
telencephalon of the zebrafish brain®. In light of this, the
telencephalon is an appropriate area of the brain on
which to focus early DA neurogenesis studies.
Furthermore, hypophysiotropic cells in the preoptic area
of the telencephalon produce CRF. Thus, the
telencephalon is an important region in both the
integration of signals to the HPI axis and an area of
increased proliferation during early development.

The presence of ACE2 and its expression in brain
structures  involving cognition, behavior, and
locomotion, along with its recent link with the novel
SARS-CoV-2, have led to the need for an
investigation into its modulatory effects on the HPA
axis and Dopamine. In this study, an ACE2 AUG
morpholino oligonucleotide was introduced by
electroporation into the embryo in order to silence the
expression of the ACE2 gene using antisense
technology. No visible morphological changes were
observed post-transfer, and a significant reduction in
ACE2 gene expression confirms the successful
oligonucleotide transfer. Nurrl expression was
significantly reduced as ACE2 expression was
silenced, but no significant effect on GCR or CRH
was observed. Interestingly, a significant increase in
locomotor activity was seen after the silencing of
ACE2 expression, warranting further investigation
and research on the role and effects of ACE2.

Materials and Methods
Zebrafish maintenance and collection of embryos

Wild-type adult (<8 months old) Zebrafish were
reared and maintained in a zebrafish housing system
at the Sathyabama Institute of Science and
Technology under standard laboratory conditions of
temperature 28 0.5 °C and pH 7.2+0.2. On a 14:10
Dark/light photoperiod according to the standard
breeding protocols™. Fertilized Embryos were
collected within 0.5 h of spawning, grown in embryo
medium, and staged in the range of 24 hpf, 48 hpf, 72
hpf, and 96 hpf using a stereo microscope (ZEISS).
Dead embryos were removed.
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Experimental treatments

The experimental groups used for the study
comprise the following: (i) Control group: Zebrafish
Electroporated without ACE2 AUG Morpholino
oligonucleotide and only in 1X PBS (ii) Test group:
Zebrafish Embryos Electroporated with ACE2 AUG
Morpholino oligonucleotide.

Danio rerio angiotensin I converting enzyme 2
(ACE2) AUG Morpholino oligo sequence written
from 5' to 3":

ID: NM_001007297.1

Description: Danio rerio angiotensin I converting
enzyme 2 (ACE2), mRNA

CDS: [13:2371](+)

CAAGGCTGTGGTC(ATG)TGTGCTCGCTG
GCTCCTG]CTTT

Preparation of embryos and description of electroporation
experiments

The Petri dish platinum electrodes were used to
introduce the ACE2 AUG Morpholino
oligonucleotide into the embryos™ with slight
modifications.

1.5% of low-melting Agarose was cast in one of
the six wells of the cell culture plate covered with
aluminum foil. A well-like depression was made at
the center of the gel as it solidified. The agarose gel
was then removed from the cell plate and placed on
the Petri dish filled with 1X PBS. The PBS was filled
such that it did not completely submerge the gel and
did not enter the well. To optimize the process and
check for its feasibility, the procedure was done
multiple times by filling the well with two different
concentrations of Rhodamine B  (Tetraethyl
rhodamine) for each stage. 1 mM and 0.5 mM of
Rhodamine B were dissolved in 1.5 mL of 1X PBS, ,
respectively. The Electric Pulses applied met the
following conditions: 20 V, 3 s pulse length, 5 s pulse
interval, 3 pulses (The first pulse, or the poring pulse,
makes micro-holes in the embryos). The second pulse,
or transfer pulse, transfers the Morpholino into the
cytoplasm of the embryos. The third pulse, or the
polarity-changed transfer pulse, increases the
opportunity of introducing Morpholino into the
embryos. Embryos were first dechorionated manually,
washed three times in E3 medium, and then added to
the well (containing Rhodamine B) using a fire-
polished Pasteur pipette®*°,

The electrodes were placed in the Petri dish,
submerged in the 1X PBS on either side of the gel.
After subjecting the embryos to the Electroporation

conditions, the Embryos were then washed four times
with E3 Medium and observed immediately for any
morphological changes. The Embryos were also
checked for their Mortality rate after 24 h. Gene
expression analysis was done for both Control groups
as well as Zebrafish Embryos Electroporated with
ACE2 AUG Morpholino oligonucleotide.

Toxicity assay

The medium was changed at 24 h intervals with
fresh E3 medium. Dead Embryos were removed. The
mortality rate was recorded, and the Embryos were
checked for any visible morphological changes
between the Control groups and the test embryos
under a stereo zoom microscope.

Locomotor Activity

The swimming activities of the larvae, i.e., 72 hpf and
96 hpf, were evaluated as described previously™?. A
petri plate was marked with graph lines of 1 cm distance.
Embryos were allowed to swim in the petri plate for
1 min, and the total distance crossed was noted. This
was performed for embryos of 72 hpf and 96 hpf
embryonic stages for both Control groups that were only
electroporated in 1X PBS and Zebrafish Embryos
Electroporated with ACE2 AUG Morpholino
oligonucleotide. The results were documented and
compared.

RNA Isolation

Total RNA was extracted at various developmental
stages using the TRIZOL (Invitrogen) reagent. After
isolating the total RNA (1000 ng/l) was converted into
cDNA by using the cDNA synthesis kit from Applied
Biosystems.

Real-Time PCR assay

The fluorescent RT-PCR reaction was carried out
in the Applied Biosystem Step One instrument with
specific primers targeting ACE2, CRH, GCR ACE2,
and NURRI1 genes (the primers of the sequence are
described in (Table 1). The thermal profile for qRT-
PCR used in the current study is listed in (Table 2).
Glyceraldehyde Phosphate dehydrogenase was used
as an internal control; the assay was performed in
duplicate with a 25 pL reaction. Q-PCR data was
analyzed quantitatively by using the formation of
2-AACE”.

Statistical analysis

Relative quantification of gene expression was
calculated after normalizing with the reference genes.
The Relative expression was assessed by using 2™
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Table 1 — Primer Sequences and Annealing temperatures Z: Zebrafish F: Forward R: Reverse Ta: annealing Temperature

Primer Name Sequence
zerhf CACCGCCGTATGAATGA
zcrhr TTCGCTCGTGGTTACTTC
zgerf GACTCCTGAACTTCTGCT
zgerr CTCTTCCTCTGACTCCAC
zACE2f TTCTGCCTTCCGACTTCA
zACE2r AGACTTGCCACCTCCATT
nurrlf CGGGTCGGTTTACTACAAG
nurrlr TGGTGGAAGTTGTGGAGAG

Primer length Accession number Ta (°C)

451 101684 62.2
451 101684

319 567112 55.8
319 567112

123 000114 60
123 000114

111 17586.1 57
111 17586.1

Table 2 — Thermal profile for qRT PCR

Stage  Condition Time No. of cycles Remarks
Stage 1 95°C 5 min 1 Enzyme activation
Stage 2 94°C 30 sec Denaturation

Gene specific 30 sec 40 Annealing
72°C 30 sec Primer extension
Stage 3 95°C 30 sec Melt curve
60-95°C 30 sec 1
95°C 30 sec

formulae. Fold Change after Electroporation with
AUG ACE2 Morpholino Oligonucleotide was
calculated for 96 hpf by using 2**“ formulae (fold
change of >1.5 was considered significant). SPSS
15ver software was used to perform one-way
ANOVA in order to determine the significance of
difference in the studies between the Control groups
and Test groups at 96 hpf. P< 0.05 was considered
significant™.

Results

Determination of electroporation parameters with rhodamine B

The electroporation technique was optimized to 20
V, 3 s pulse length, 5 s pulse interval, 3 pulses, and a
0.5 mM concentration of Rhodamine B. After
optimizing the process, it was done on dechorionated
embryos at 72 hpf and repeated on the embryos at 96
hpf with a 0.5 mM concentration of AUG ACE2
Morpholino oligonucleotide.

Figure 1 shows pink pigmentation after
electroporation of Rhodamine B. Thus, we confirm
that the conditions are suitable to transfer the ACE2
Morpholino oligonucleotide into the Zebrafish
embryos.

Morphological Effects

The mortality was evaluated for each stage after
electroporation with Rhodamine B (Tables 3 & 4). A
100% mortality rate was observed in both chorionated
24 hpf embryos as well as dechorionated 48 hpf
embryos. The lowest mortality rate in Zebrafish
electroporated with Rhodamine B was seen in embryos

Fig. 1 — 96 hpf embryo electroporated with Rhodamine B
containing a colored spot near the heart region under a stereo
zoom microscope (marked in the image)

Table 3 — Mortality Rate of Embryos Electroporated without
ACE2 AUG Morpholino oligonucleotide or Rhodamine B
as control at different stages of Embryonic Development

Developmental No. Embryos No. Embryos Mortality
stage Electroporated without Dead  Percentage
Morpholino or
Rhodamine B
24 hpf 50 0 0
48 hpf 50 0 0
72 hpf 50 0 0
96 hpf 50 0 0

Table 4 — Mortality Rate data of Embryos Electroporated with
Rhodamine B at different stages of Embryonic Development

Developmental No. Embryos No. Embryos Mortality

stage Electroporated with Dead Percentage
Rhodamine B

24 hpf 20 (both 20 100
concentrations)

48 hpf 20 (both 20 100
concentrations)

72 hpf 20 (0.5 mM) 2 20

96 hpf 20 (0.5 mM) 0 0
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Fig. 2 — Morphological changes in Zebrafish embryo (A) Electroporated without Morpholino vs.; and (B) Electroporated with

Morpholino at 96 hpf from a Stereo zoom microscope
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Fig. 3 — Locomotor Activity of Control group Zebrafish
Embryos vs. Test group (Electroporated with ACE2 AUG
Morpholino  oligonucleotide) =~ Zebrafish ~ Embryos  in
Developmental Stages of 72 hpf and 96 hpf , respectively.
*P< 0.05 compared to control at 96 hpf, the bar depicts the
standard error (SE)

that were induced with Rhodamine B at the 96 hpf
embryonic developmental stage. There was no
significant effect on morphology after electroporation
with Morpholino at 96 hpf compared to controls (Fig. 2).

Locomotor changes

The normal hatching period for Zebrafish Embryos is
48 hpf, but since the mortality rate for those embryos
after electroporation was 100%, the locomotor functions
of the Zebrafish embryo were recorded for stages 72 hpf
and 96 hpf. The data (Fig. 3) shows a 130.48% increase
in locomotor activity in the 96 hpf test group of
zebrafish embryos when compared to control groups in
the same developmental stage, with a p-value of 0.05.
The changes in locomotor activity of the control and
Test groups were not found to be significant in 72-hpf
embryos.

Gene expression studies

Average duplicates were taken from the Ct values
for expression of ACE2, GCR, and CRH for the
24 hpf, 48 hpf, 72 hpf, and 96 hpf embryonic
developmental stages of control zebrafish embryos as
well as the 96 hpf stage of test zebrafish embryos.
GAPDH expression as an internal control was
also taken in duplicates, and the average was
calculated. The ACt value was taken for each stage,
and then the relative expression was calculated
and compared.

Expression studies in controls

Using optimized QPCR conditions, all targeted
mRNAs were detected during all developmental stages
(Fig. 4A-D). Each of the three genes (ACE2, GCR,
CRH, and NURRI) showed significant differences in
expression over the developmental time course, as
determined by ANOVA. Relative expression of each of
the three genes was significantly higher in Control
zebrafish embryos at 96 hpf than at the other
developmental stages (Fig 4A-D).

Effects of ACE2 AUG Morpholino antisense on gene
expression

Relative Expression of ACE2 shows a significant
decrease after electroporation with the ACE2 AUG
Morpholino oligonucleotide, indicating that the gene
has successfully been silenced and its expression has
been reduced. A comparison of GCR and CRH
Relative expressions between the control and Test
Groups shows no significant decrease in relative
expression after electroporation with the ACE2 AUG
Morpholino oligonucleotide. In contrast, the relative
expression of Nurrl shows a significant decrease
between the control and Test Groups in 96-hpf
zebrafish embryos (Fig. 5).
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Table 5 — Fold change for ACE2, gr, crh and nurrl for 96
hpf zebrafish embryos. All the genes were ranked based on the
P value. This table showed the gene expression based on
(= 1.5 fold-change) criteria and divided into Down-regulated
or not regulated. FC Fold Change

Gene Fold change P value

ACE2 3.36 0.05° Downregulated
GR 1.29 0.078 No change

CRH 1.27 0.09 No change

Nurrl 233 0.05° Downregulated

Table 5 shows the relative quantity or fold change in
gene expression of target genes with respect to the
control group as calculated for 96 hpf samples. The
modest effect of the ACE2 AUG Morpholino

oligonucleotide resulted in a significant downregulation
of ACE2 (3.36-fold). NURRI expression was down-
regulated 2.33-fold, and there was no significant effect
on both GCR and CRH genes.

Discussion

This study shows that the electroporation technique is
an efficient technique for the uptake of antisense ACE2
AUG Morpholino oligonucleotides (morpholinos) in the
zebrafish larvae in  "knockdown" experiments.
Optimizing electrical parameters and concentration
could really be fruitful. In an attempt to demonstrate the
efficacy of this approach for the analysis of a specific
developmental  timeframe—that of the initial
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development of the zebrafish Dopamine and HPA
axis—we have done a systematic characterization of the
efficiency of in vivo electroporation in zebrafish across
multiple developmental stages, from 24 to 96h
postfertilization. We show that electroporation is
efficient at delivering a 0.5 mM concentration of AUG
ACE2 Morpholino oligonucleotide to dechorionated
embryos at multiple developmental steps, including 72
or 96 hpf. The electroporation technique was optimized
to 20V, 3 s pulse length, 5 s pulse interval, 3 pulses, and
a 0.5 mM concentration of AUG ACE2 Morpholino
oligonucleotide. Previous work showed the possibility of
transfecting zebrafish embryos with plasmid DNA by
using this technique. To our knowledge, the results
presented here are the first to introduce AUG ACE2
Morpholino oligonucleotide in zebrafish embryonic
tissues using electroporation. This technique, compared
with traditional microinjection, can be particularly
advantageous for aquatic fish species with fast
embryonic development and a predictable spawning
habit. In addition, chorion removal is found to be
necessary for the access of plasmid DNA™.

Results of RT-PCR experiments confirm that ACE2
expression was significantly higher in Control
zebrafish embryos at 96 hpf than at other
developmental stages. This result is indicative of the
development of the RAAS system as the embryonic
developmental stages of the Control Zebrafish
embryos progress and the evidence of expression of
ACE2 in the embryonic development as early as 96
hpf. Early development of the RAAS system is also
seen in human embryonic stages”'.

Expression of ACE2 was reduced during zebrafish
development by introducing ACE2-targeting
morpholino oligonucleotides into 72-hpf embryos.
Lack of functional ACE2 resulted in a significant
effect on behavioral function (increased locomotor
activity), but no morphological defects were detected.
The increased levels of locomotor activities are
attributed to the increased stress and anxiety levels in
zebrafish larvae®”. These locomotor activities depend
on the integrity of brain function, nervous system
development, and visual pathways™.

Stressors ranging from mild to severe will
stimulate the hypothalamic-pituitary interrenal (HPI)
axis in teleost fish®*, which is homologous to the
mammalian hypothalamic-pituitary-adrenal (HPA)
axis™. In our study, the effects of silencing the 4CE2
gene on the HPA axis were analyzed through the
quantification of CRH and GR gene expression by

RT-PCR, and we found no differences at 96 hpf. This
may be because in our experiment, exposure
and sampling occurred prior to maturation of the
stress (HPI) axis™.

To identify the effects of ACE2 silencing on DA
neurons within the early zebrafish brain, this study
assessed the expression of one marker: NURR1. The
decreased expression of NURRI1 following ACE2
knockdown is particularly intriguing, considering
recent clinical studies implicating human NURRI as a
risk factor for neurodevelopmental disorders. This
finding is supported by studies in which animals with
genetic alterations in ACE2 expression exhibited a
distinct pattern of phenotypes, including behavioral
dysfunctions, impairments in dopamine synthesis,
and neurogenesis’’. Low levels of dopamine are
associated with depression and anxiety™.

Conclusion

Given the recent publications suggesting that the
binding of SARS-CoV-2 with ACE2 and the
subsequent downregulation of ACE2 expression in
cell membranes may increase SARS-CoV-2
pathogenesis, developing an in vivo animal model of
ACE?2 takes on added importance. The results of the
morpholino experiments are the first knockdown
phenotypes reported for zebrafish ACE2. One of our
major findings, decreased dopamine neurogenesis
following in vivo ACE2 knockdown, has implications
for depression and anxiety. Thus, this study
substantiates the biological relationship between the
SARS-CoV-2-induced downregulation of ACE2 and
the prevalence of depression and anxiety among
patients with COVID-19. However, this study acts as
an intriguing gateway into the further research
required on the modulatory effects of ACE2. If
anything, the pandemic is a trigger for the importance
of ACE2 and its relationship with the brain and its
functions.
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