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Abstract Increased availability of cannabis and
cannabinoid-containing products necessitates the need
for an understanding of how these substances influence
aging. In this study, zebrafish (Danio rerio) were ex-
posed to different concentrations of THC (0.08, 0.4,
2 uM) during embryonic-larval development and the
effects on aging were measured 30 months later and in
the offspring of the exposed fish (F1 generation). Expo-
sure to 0.08 uM THC resulted in increased male surviv-
al at 30 months of age. As the concentration of THC
increased, this protective effect was lost. Treatment with
the lowest concentration of THC also significantly in-
creased egg production, while higher concentrations
resulted in impaired fecundity. Treatment with the low-
est dose of THC significantly reduced wet weight, the
incidence of kyphosis, and the expression of several
senescence and inflammatory markers (p/6™**, mfa,
il-13, il-6, ppara. and ppary) in the liver, but not at
higher doses indicating a biphasic or hormetic effect.
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Exposure to THC did not affect the age-related reduc-
tions in locomotor behavior. Within the F1 generation,
many of these changes were not observed. However, the
reduction in fecundity due to THC exposure was worse
in the F1 generation because offspring whose parents
received high dose of THC were completely unable to
reproduce. Together, our results demonstrate that a de-
velopmental exposure to THC can cause significant
effects on longevity and healthspan of zebrafish in a
biphasic manner.
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Introduction

In the wake of state-level policy changes, consumer
access to cannabis is at an all-time high in the USA.
Roughly 20% of young adults between the ages of 18—
25 admit to using marijuana in the past month
(Ahrnsbrak et al., 2017), and the incidence of cannabis
usage in pregnant women, particularly in the first tri-
mester, has more than doubled in the past decade
(Volkow et al., 2019). In fact, marijuana use among
pregnant women is higher than any other illicit drug
(Volkow et al., 2019). Importantly, 70% of both preg-
nant and nonpregnant women believe there is slight or
no risk of marijuana use (Ko et al., 2015). However,
there is surprisingly little data on the long-term effects of
cannabis exposure during embryonic development.
Some studies link marijuana use with adverse birth
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outcomes including low birthweight and preterm birth
(El-Mohandes et al., 2003; Fergusson et al., 2002;
Hayatbakhsh et al., 2012), while other studies do not
observe any effects (Bada et al., 2005; Desai et al., 2014;
van Gelder et al., 2010).

The major psychoactive component and the most
common phytocannabinoid in cannabis is A’-tetrahy-
drocannabinol (THC). THC can cross the placenta
(Hurd et al., 2005; Hutchings et al., 1989), and its use
during pregnancy can alter the cannabinoid signaling
pathways within the developing fetus. It is very hard to
establish clear effects of THC in humans because of
uncertainties associated with: a wide range in exposure
concentrations; confounding effects of the other canna-
binoids and terpenes found in cannabis; and potential
effects of co-exposures to other drugs, alcohol, or envi-
ronmental stressors. Furthermore, many of the studies in
humans focus on short-term effects, while the effect of
THC exposure on the processes of aging remains largely
unknown. One known long-term consequence of mater-
nal exposure to high doses of THC is the reduction in
fertility of male offspring (Dalterio and DeRooij, 1986).
Clearly, there is a need to further elucidate the effects of
in utero THC exposure particularly on longer term out-
comes such as lifespan and healthspan.

It is well-known that early-life stressors can instigate
long-term changes in health. This concept is often re-
ferred to as the Developmental Origins of Health and
Disease (DOHaD), or, with respect to the processes of
aging, Developmental Aging theory (DevAge) (Barker,
2007; Feltes et al., 2015). These stressors can be chemical
and/or environmental (reviewed in: Haugen et al., 2015),
and the effects can be detrimental by increasing the risk
of disease (Richardson et al., 2006; Zawia and Basha,
2005), or beneficial by increasing resilience to age-
related dysfunction (Calabrese and Mattson, 2017;
Gidday, 2015; Hodges and Ashpole, 2019). There is
some evidence that THC may increase resilience to cer-
tain stressors because preconditioning with low doses of
THC protects against a wide range of neuronal insults,
including 3,4 methylene-dioxymethamphetamine
(MDMA) stress, exposure to carbon monoxide, and other
neuronal stressors (Assaf et al., 2011; Fishbein-
Kaminietsky et al., 2014; Hodges and Ashpole, 2019).
These are acute effects of preconditioning with limited
evidence that protection continues in the months follow-
ing THC exposure. There has been increasing interest by
researchers to determine whether THC or other cannabi-
noids could positively impact neurological health and
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neurodegenerative disease development in advanced
age. Indeed, cannabinoids protect against neurodegener-
ative diseases in many animal models when they are
administered in adulthood or advanced age (Fernandez-
Ruiz et al., 2017). The anti-inflammatory effects of THC
may contribute to some of its protection against neuro-
degenerative diseases (Ramirez et al., 2005). While high
doses of THC can cause memory deficits (Varvel et al.,
2001), low dose exposure to THC can slow or halt
Alzheimer’s disease progression by reducing amyloid
beta (Cao et al., 2014), as well as restoring cognitive
function in old mice (Bilkei-Gorzo et al., 2017). Togeth-
er, with previous findings that high dose exposure to
THC in utero causes disrupted brain development and
other teratogenic effects (Carty et al., 2018; Fish et al.,
2019), it is easy to hypothesize that the dose and the age
of exposure determine the beneficial versus detrimental
effects of THC on neuronal health.

In this current study, we investigated whether embry-
onic THC exposure results in later-life, sex-specific
changes in behavior, reproduction, body size and
weight, metabolism, or molecular markers of senes-
cence and inflammation. We utilized zebrafish as a
model for this study due to their extra-uterine and rapid
development, high fecundity, and availability of genetic
resources. To accomplish this, developmentally exposed
fish (embryo-larval) were enrolled into the study at
12 months of age, and the effects of aging were assessed
when they were 30 months old. THC was predicted to
worsen the age-related loss in locomotor function and
fecundity and exacerbate the age-associated increase in
kyphosis, senescence, and inflammation. To determine
if the observed effects are multigenerational, aged F1
exposed to the highest dose of THC (parents exposed)
were also cultured and assessed at 30 months of age.

Methods
Zebrafish care and exposure

All experiments were approved by the University of
Mississippi IACUC. As reported in (Pandelides et al.,
2020), standard Tg(flil:egfp) zebrafish were purchased
from the Zebrafish International Resource Center
(ZFIN, Eugene, Oregon) and bred in house. Fish were
maintained in Aquatic Habitats ZF0601 Zebrafish
Stand-Alone System (Aquatic Habitats, Apopka, FL)
with zebrafish water (pH 7.0-7.5, 60 ppm (ppm) Instant
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Ocean, Cincinnati, OH) at 25-28 °C, 14:10 light-dark
cycle. Fish were fed twice daily with Gemma (Gemma
Micro 300, Skretting).

Fertilized embryos were exposed to sub-lethal con-
centrations (Carty et al., 2019), 0.08, 0.4, 2 uM (0.024,
0.12, 0.6 mg/L) THC, or 0.05% DMSO control water at
a 0.6:1 (mL water:fish) ratio from 6 to 96 h post fertil-
ization (hpf). Measured concentrations for 0.6 mg/L
THC (nominal) was 0.67 +0.05 mg/L THC as reported
in (Carty et al., 2019). The NIDA Drug Supply Program
supplied all THC used throughout the developmental
exposures. Further methodology of exposure and rear-
ing of the FO and F1 generation are described in Carty
et al. (2019). At 12 months of age, FO (exposed) or F1
(parents exposed) fish were enrolled into the aging study
and observed until 30 months of age. This study was
conducted simultaneously with the CBD exposure study
(concurrent submission), both THC and CBD treated
fish were reared in the same room, under the same
conditions, and shared the same control fish.

Fecundity and larval endpoints

To determine fecundity in the aged cohorts, two males
and two females from each treatment group were placed
into static breeding tanks (n=3 spawning tanks per
concentration) and allowed to acclimate for 1 week prior
to egg collection. Eggs were then collected for three
consecutive days per previous recommendation (Reed
and Jennings, 2011), and the average number of eggs
collected was quantified. Eggs were transferred to a
clean embryo medium (60 ppm Instant Ocean;
pH 7.5-7.8) as they developed. The eggs were subse-
quently observed every 24 h to determine fertilization
rate, mortality, malformations, and hatching. Develop-
mental deformities were visually assessed at 96 hpf by
anesthetizing the fish in 300 mg/L tricaine
methanesulfonate (MS-222) and 600 mg/L sodium bi-
carbonate, and subsequently imaging a lateral profile
with a MicroFire® camera (Optronics, Goleta, CA)
attached to a Zeiss Stemi 2000-C Stereo Microscope
(Jena, Germany) using the Picture Frame™ Application
2.3 software (Optronics, Goleta, CA). Three double-
blinded reviewers scored the presence or absence of
developmental abnormalities. Additionally, the total
body length, and the size of the eye were calculated on
ImageJ (Schneider et al., 2012). After imaging, the fish
were removed from anesthesia and returned to their

respective tanks until behavioral assessment in the open
field test.

Open field behavior

Fish were transferred to a darkened behavioral test-
ing room (27-28 °C) and allowed to acclimate prior
to open field behavioral assessment. The open field
arena consisted of a water-filled bucket (diameter of
23.5 cm and a depth of 24.8 cm) with overhead
LED lighting set to an intensity of 9 Ix. Fish were
transferred to the arena using a capture net and
released into the bucket where they swam freely
for 5 min. Their movement was video-captured
overhead and analyzed using the Noldus Ethovision
14 software. Distance, swim speed, mobility, and
time spent in the center (inner 50% of the arena)
and periphery (outer 50% of the arena) was then
calculated by Ethovision and decoded by a blinded
observer.

Phenotypic assessment of adults

Fish were euthanized in 300 mg/LL. MS-222 and
600 mg/L sodium bicarbonate, and overall wet
weight and length of the fish were recorded. A
lateral profile picture was captured for assessment
of kyphosis by three double-blinded observers. As
reported in our concurrent submission, each rater
used a scale of 1-5, with 1 signifying no curvature
and 5 signifying severe curvature to assess the
extent of kyphosis. Inter-observer scoring showed
76% identity and over 90% similarity. The median
score for each fish was determined and used for
comparison between groups. Following imaging,
necropsies were performed and incidence of gross
tumors was recorded.

RT-qPCR

Liver tissue was isolated following euthanasia and
homogenized in TRIzol (Invitrogen #A33251). RNA
was extracted using an RNeasy mini-kit (Qiagen
#74104) in conjunction with gDNA removal via an
RNase-Free DNase set (Qiagen #79254) following
manufacturer’s recommended protocol, and subse-
quently quantified and evaluated for purity (260/280
ratio=1.9-2.1) on a NanoDrop 2000 (Thermo Fish-
er, Waltham, Massachusetts). RNA (250 ng) was

@ Springer



926

GeroScience (2020) 42:923-936

a FO Males

- B
80
9
% 60
2
g
a3 40

20

ol 138 24 32 29 |

0.00 0.08 0.40 2.00
Aged + [THC] uM
Fig. 1 Survival (%) measured at 30 months of age of adult FO
zebrafish developmentally exposed to THC and enrolled into the

study at 12 months old. a Male % survival from 12 to 30 months,
n=27-38. b Female % survival from 12 to 30 months, n=7-13.

then reverse transcribed to 10 ng/uL cDNA follow-
ing manufacture’s protocol (Invitrogen kit
#4304134). RT-qPCR was performed using an Ap-
plied Biosystems 7200 real-time cycler with SYBR
Green detection chemistry (Applied Biosystems
#4309155) following manufacture’s protocol (25 puL
reaction volume). Parameters for RT-qPCR were as
follows: 95 °C for 10 min, then 40 cycles of 95 °C
for 15 s and 60 °C for 1 min, followed by 95 °C
for 15 s-60 °C for 1 min-95 °C for 15 s dissociation
curve. Primers were optimized as in Corrales et al.
(2014) and detailed in Supplemental Table 1. Tech-
nical duplicates were performed and resulting data
was evaluated using the 224CT method (Livak and
Schmittgen, 2001) and displayed using the average
log(2)AACt + standard error of the mean.

Statistical analysis

To compare the effects of aging, differences in
young controls vs aged controls were assessed
using a ¢ test (p<0.05). To compare the effects
of CBD, differences in the varying doses of CBD
vs aged controls were assessed using a one-way
ANOVA followed by the post hoc Dunnett’s test
against aged control (p<0.05). Categorical data
including kyphosis, yolk sac edema, pericardial
edema, and adult survival were analyzed using
Chi squared (p<0.05), or Fisher’s exact test (p <
0.05). All graphing and statistical analysis was
conducted using the Sigmaplot 14.0 software.
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The number displayed at the base of each bar is the total number of
fish per treatment enrolled into the study at 12 months old. Num-

ber sign indicates a significant difference compared with aged
controls (Fisher’s exact test p <0.05)

Results
Locomotor behavior following THC exposure

Male and female zebrafish were exposed during embryo
to larval development (6-96 hpf) to increasing concen-
trations of THC (0.08, 0.4, and 2 uM). This exposure
was concurrent with the developmental CBD exposure
described in the concurrent submission; the controls
used are the same for both papers. One year following
exposure, fish were enrolled into the longevity study. By
30 months of age, 60% of control male and female fish
had died (Fig. 1a, b). THC caused a biphasic effect on
survival, with significantly increased survival at
0.08 uM THC (80%), and returning to control levels
at 2 uM (40%) in male fish (Fig. 1a). Females treated
with 0.08 and 0.4 uM THC early in life had a non-
significant trend of increased survival at the 30-month
time point. Behavior phenotypes were then assessed in a
cross-sectional study at this 30-month time point. Aged
zebrafish showed significant reductions in distance
moved (Fig. 2b), swim speed (Fig. 2c, d), and overall
mobility (Fig. 2e, f) in the open field compared with
young, 7-month old control fish. With the exception of
increased mobility in 0.4 uM THC-exposed males,
early-life treatment with THC did not improve locomo-
tor abilities in aged male or female fish (Fig. 2a—f), even
at the concentrations that showed increased survival
(Fig. 1). There was no significant effect of developmen-
tal THC exposure on time fish spent swimming in
periphery or center of the open field arena (data not
displayed).
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n=38. a, b Male and female zebrafish distance traveled (cm). ¢, d
Male and female velocity (cm/s). e, f Male and female mobility

Fecundity following THC exposure

Late-life fecundity was assessed by quantifying egg and
sperm production as well as the survival of fertilized
eggs. As described in (Pandelides et al., 2020), aged
control male and females produced significantly less

927
FO Female
b
7000 -
6000 "
£ 5000
L
o 4000
2
& 3000
@
el L1 L
1000
0
Young 0.00 0.08 040 2.00
Aged + [THC] uM
d
20 "
1
& 5
(53
o
2 10
e L1 L
0 . .
Young 0.00 0.08 040 200
Aged + [THC] uM
f
100
80
> 60
3
[=]
20
0

Young 0.00 0.08 040 200

Aged + [THC] uM

(%). Asterisk indicates a significant difference between aged and
young controls (7 test, p <0.05). Number sign indicates a signifi-
cant difference compared with aged controls (ANOVA, Dunnett’s
posthoc, p<0.05)

sperm and eggs than young controls (Table 1). Early-
life exposure to 0.08 and 0.4 uM THC did not signifi-
cantly alter sperm production, and there were unfortu-
nately not enough extra male fish to determine sperm
concentration for 2 uM THC (Table 1). Early-life expo-
sure to THC resulted in a hormetic response with
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Table 1 FO fecundity and survival of THC exposed (M) zebrafish, data presented as mean + SE

Nominal developmental n  Avgno. of eggs per ~ % survival at % hatch at % hatch at % survival at ~ Sperm/g
treatment (LM) at 6 hpf tank per week+=SE 24 hpf+=SE 48 hpf+SE 72 hpf+SE 96 hpf+SE testes*10°+ SE
Young control 6  491+£71.7* 662+ 5 483 £53*% 985+ 14 62.8+43 31.2+£3.1%
Aged control 6 73+43 59.9 £ 6.6 183 £ 8.6 100 £ 0 564+72 134+1.5

0.08 THC 6 360.4+101.0" 59.4 +£4.7 399+162 973+19 53.2+4.7 9.1+1.5

0.4 THC 6 220+42.1 42.1+104 457+ 145 958 +3.6 36.8+9.7 59+47

2 THC 6 92.8+58.7 19.7 £ 3.8 22+0.5 89.9 £7.6 16.1+1.4" N/A £N/A

*p<0.05 ¢ test, aged control vs young control
#p<0.05 ANOVA, Dunnett’s post hoc vs aged control
FO0: aged control = 30 months old, young control = 7 months old

n =number of breeding events (3 consecutive days of egg collection/week = 1 breeding event)

increased egg production as the dose of THC was de-
creased. Exposure to 0.08 uM THC partially rescued
egg production in aged females producing 493% more
eggs than the aged controls (Table 1). These offspring
had similar 96 hpf survival to both young and aged
control fish (53—-62% survival, Table 1). However, while
fish exposed to 2 uM THC produced a similar number
of eggs as aged control fish, only 16% of these survived
by 96 hpf (Table 1). Exposure to 0.4 uM resulted in
intermediary effects between 2 and 0.08 uM THC, with
a non-significant increase in egg production (55% re-
duced relative to young fish) and a non-significant de-
crease in survival by 96 hpf. The offspring exposed to
0.08 and 0.4 uM THC displayed increased size at 96 hpf
(Supplemental Figure 1A). Conversely, these larvae also
had reduced eye diameter with increasing THC concen-
tration (Supplemental Figure 1B). However, these sur-
viving offspring did not exhibit robust abnormalities, as
no significant differences in yolk sac or cardiac structure
were observed (Supplemental Fig. 1C-G).

Phenotypic changes in aged fish exposed to THC

No difference in body length or mass was ob-
served in male fish exposed to vehicle or THC
during development (Fig. 3a—c). While aged fe-
male fish were significantly longer and heavier
than young controls, exposure to the lowest con-
centration of THC (0.08 pM) throughout larval
development resulted in significant reductions in
mass in advanced aged females (Fig. 3b—d). How-
ever, despite the differences in size, the fish
displayed similar health given that they all
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displayed similar healthy (k=1) condition factor
(Supplemental Figure 2A-B). Similarly, there was
no difference in the presence of gross tumors in
any of the THC-treated animals (Supplemental
Figure 3A-B).

The prevalence of kyphosis was then assessed. Early-
life exposure to THC did not significantly affect the age-
related increase in kyphosis within males or females,
despite a visual trend of reduced severity with decreas-
ing concentrations of THC (Fig. 3e—g).

Senescence and inflammation in aged fish exposed
to THC

An age-related increase in the expression of inflam-
matory and senescence markers was quantified in the
livers of the aged, control fish (Table 2). Early-life
exposure to THC did not alter the increase in p/6 in
male or female zebrafish (Table 2). Males exposed to
the lowest concentration of THC during development
showed significant reductions in #nfcv in advanced age
(Table 2). Similarly, females exposed to low concen-
trations of THC also showed significant reductions in
tnfa. Low levels of THC also resulted in reduced

Fig.3 Weight, length, and spinal curvature (kyphosis) of adult FO p»

(young =7 months old, aged = 30 months old) male (n=8-22) &
female (n = 5-12) zebrafish developmentally exposed to THC. a,
b Male and female zebrafish total length (mm). ¢, d Male and
female wet weight (g). e Male and female spinal curvature grading
from healthy (1) to medium (3) to severe (5). f, g Male and female
kyphosis (%). Asterisk indicates a significant difference between
aged and young controls (¢ test, p < 0.05). Number sign indicates a
significant difference compared with aged controls (ANOVA,
Dunnett’s posthoc, p <0.05 or Fisher’s exact test p <0.05)
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Table 2 Male and female FO (mean + SE) THC exposed (M) gene expression (log(2)AACH) relative to the aged controls, n=6

n pl6+SE tnfoe+ SE il-16+SE il-6+SE ppara+ SE ppary+SE

Males

Young control 6 —0.76+0.61 —2.63+£0.72%  —324+030* 1.03 +£0.22% 0.56+0.42 1.46+0.09%

Aged control 6 0+04 0+0.78 0+0.6 0+0.16 0+0.19 0+0.23

0.08 THC 6  —004+0.04  —2.56+045" ~1.04+0.26 0.78 £0.26" 0.45+0.39 0.48 £0.34

0.4 THC 6 0.92+0.26 -0.21+0.50 0.29+0.63 1.39+0.19% 1.98+0.12% 1.30+0.34%

2 THC 6 1.05+0.12 0.34+0.46 0.8+0.62 0.77 +0.28" 0.96+0.28 1.18+0.38"
Females

Young control 6  —1.13+029  —427+0.65%  —2.84+0.14*  —0.76+0.19% 0.68+0.54 -0.23+0.38

Aged control 6  0+043 0+0.80 0+0.56 0+0.25 0+0.31 0+0.37

0.08 THC 6  050+0.24 -3.15+0.57* —2.14+0.28" ~0.06+0.32 0.11+0.23 —-0.87+0.20

0.4 THC 6  031+0.08 —-237+0.46 —-1.98+0.40% 0.43+0.35 0.16+0.42 -1.00+0.24

2 THC 6  0.01+0.26 ~1.31+0.71 ~1.60+0.42 0.65+0.24 0.26+0.32 —1.37+0.25#

*p <0.05 ¢ test, aged control vs young control

#p <0.05 ANOVA, Dunnett’s post hoc vs aged control

Exposure groups were normalized to 18 s, and the ACT values were assessed for significance by one-way ANOVA with Dunnett’s post hoc
test (p <0.05), or by ¢ test for aged compared with young (p <0.05)

expression of il-/3 in aged females (Table 2). Devel-
opmental exposure to all of the concentrations of
THC in our study increased i/-6 expression in males,
and higher concentrations also increased ppara and
ppar~y expression. Conversely, the expression of
ppary was reduced in a dose-dependent manner in
aged females with significant reductions observed in
the 2 uM THC treatment groups (Table 2).

Multigenerational effects of THC exposure on aging

To determine whether early-life exposure to 2 uM
THC influenced aging in the subsequent generation
of offspring, F1 offspring were spawned at 6 months
of age. There was a significant reduction (~30%) in
male survival of the F1 THC-treated fish by
30 months of age (Fig. 4a, b). However, there were
no differences in locomotor behavior (Fig. 4c, d,
Supplemental Figure 4A-D). Yet, there was a signif-
icant reduction in the incidence of kyphosis of the
aged F1 (parentally-exposed) male THC fish (Fig.
4i, j). The F1 2 pM parentally exposed THC fish
were completely unable to reproduce unlike the aged
controls (Supplemental Table 2). Despite these differ-
ences in growth and reproduction observed, there was
no significant difference in gene expression between
control and F1 THC offspring (Table 3).
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Discussion

With the increased prevalence of cannabis use, there is
an urgent need to understand the role THC plays in the
Developmental Origins of Health and Disease
(DOHaD). In this study, we determined if developmen-
tal exposure to THC protected or exacerbated age-
related phenotypes in aged zebrafish. Similar to our
concurrent submission on CBD, we observed decreased
fecundity at the highest dose of THC tested. The reduc-
tion in fecundity observed at the high dose of THC in
this current study supports previous studies that dem-
onstrate maternal exposure to THC reduces the fecun-
dity of male mice offspring 60-80 days later (Dalterio
et al., 1984). While we were unable to test sperm
concentration due to a shortage of male adult fish at
the highest dose, it is possible that sperm concentration/

Fig. 4 Survival, distance traveled, length, weight, and incidence
of kyphosis of male and female F1 zebrafish (parents exposed to
2 uM THC). a, b Male, n=39-60, and female, n=13-20,
survival (%) from 12 to 30 months old. The number displayed at
the base of each bar is the total number of fish per treatment
enrolled into the study at 12 months old. ¢, d Male and female
zebrafish distance traveled (cm), n = 6. e, f Weight, g, h length, and
i, j spinal curvature (kyphosis) of adult F1 male (n=11-60) and
female (n=6-19) zebrafish. Number sign indicates a significant
difference compared with aged controls (ANOVA, Dunnett’s
posthoc, p <0.05 or Fisher’s exact test p <0.05)
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Table 3 Male and female F1 (mean + SE) gene expression (log(2)AACt) of fish (parents exposed to 2 uM THC) relative to the aged

controls, n=6

n pl6+SE tnfo = SE il-13+SE il-6 +SE pparac+SE ppary=SE
Males
Aged control 6 0+0.59 0+0.9 0+0.43 0+0.16 0+0.09 0+0.19
2 uM THC 6 0.4+0.82 0.89+0.85 —0.45+0.58 —0.62+0.62 —0.52+0.59 —0.64+0.52
Females
Aged control 6 0+50 0+0.57 0+0.52 0+0.26 0+048 0+0.18
2 uM THC 6 —0.51+0.55 0.13+£0.77 -0.86+1.27 —0.02+0.56 —0.92+0.88 -1.13+0.70

p>0.05 ANOVA, ¢ test vs aged control

Exposure groups were normalized to 18 s and the ACT values were assessed for significance by ¢ test (p <0.05)

quality played a role in the poor fecundity observed, as
treatment with THC at the other two concentrations
reduced sperm count in a dose-dependent manner.
Moreover, other animal models have demonstrated the
adverse effects of THC on sperm (Morgan et al., 2012).
Furthermore, altered endocannabinoid signaling is
linked to infertility in human sperm (Lewis et al.,
2012), and the strongest evidence for the negative ef-
fects of cannabis on humans is its impacts on semen
parameters such as reduced concentration (Reviewed
in: Payne et al., 2019).

Sex-specific effects in aging are frequently reported
(Austad, 2019), and our current study supports previous
research on sex-specific effects of THC (reviewed in:
Brents, 2016). THC alters the hypothalamic-pituitary-
ovarian (HPO) axis functionality, while hormones pro-
duced by the HPO axis impact the physiological and
behavioral effects of THC (Brents, 2016). Because
estradiol/progesterone play a larger role in modulating
THCs effects, female rats display greater tolerance to
THC than males (Marusich et al., 2015; Wakley et al.,
2014). Female tolerance has also been demonstrated for
other cannabinoids such as WIN55,212 in rats, with
male rats exhibiting behavioral and neuronal deficits
and females being unaffected (Bara et al., 2018). To-
gether, our results suggest that developmental exposure
to THC can cause persistent sex-specific alterations to
the reproductive system, with high concentrations of
THC causing negative outcomes in male fish. However,
our results of increased egg production in this current
study are not congruent with our previous findings that
saw fewer eggs produced by 0.08 and 0.4 pM THC-
treated fish when bred at 6 months of age (Carty et al.,
2019). Collectively, the effect of THC on female egg
production may be dependent on the stage of life in
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which it is assessed—decreased egg production mea-
sured early and increased egg production later.

Because the negative effects of THC on sperm is not
CB1-mediated (Morgan et al., 2012), the effect of THC
on reproduction is likely mediated through another re-
ceptor/mechanism. THC treatment significantly reduces
ATP levels in sperm (Morgan et al., 2012). Thus, the
reproductive effects could be a result of altered metab-
olism or mitochondrial function. In this study, we ob-
served significant sex-dependent changes in expression
of ppara and ppary, with increased expression in males,
and decreased expression of ppary in females. This
reduction in ppary was also observed when we exposed
zebrafish to CBD (concurrent submission). PPARYy reg-
ulates adipogenesis (Berger and Moller, 2002;
Bouaboula et al., 2005; Gerhold et al., 2002), and life-
long alteration of energy metabolism in cannabinoid-
exposed females could have contributed to the reduced
weight observed in both CBD- and THC-treated fish.
Because sexual maturation is size dependent in
zebrafish (Parichy et al., 2009), it is possible the CBD
and THC exposed female fish simply matured later than
the aged controls, resulting in lower egg production at a
younger age and higher egg production later. The heavi-
er aged female control fish could be indicative of age-
related obesity, which can contribute to chronic inflam-
mation (Jura and Kozak, 2016).

Increased lifespan was generally accompanied by
reduced expression of tmfcv and il-13 in both males and
females, which is consistent with other animal models
that show increased pro-inflammatory cytokines in ad-
vanced age (Bollaerts et al., 2017; Royce et al., 2019;
Van houcke et al., 2015). However, the effect of THC on
the expression of il-6 was different than mfo and il-10.
Our results suggest IL-6 may play an important sex-
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dependent regulatory role as its expression was signifi-
cantly decreased in aged male fish, and this decrease
was rescued in THC-treated males. While there are few
studies in zebrafish studying IL-6 in a regulatory role, it
is involved in the regulation of hematopoiesis (Pazhakh
and Lieschke, 2018). The anti-inflammatory properties
of THC have been well-studied (Hegde et al., 2008;
Klein et al., 1998; Nagarkatti et al., 2009) and are
mediated by CB2 and in some cases CB1. Our results
in this current study as well as our CBD exposure study
(concurrent submission) indicate that developmental ex-
posure to cannabinoids can alter the expression of pro-
inflammatory cytokines in aged fish, suggesting a pos-
sible reduction in inflammaging throughout the lifespan.
Importantly, this reduction of chronic inflammation
could be responsible for the increased longevity
observed.

The concentration-dependent effects of THC on tnfov
and il-13 gene expression were biphasic/hormetic,
wherein the most downregulation was seen at the lowest
dose tested. Low doses of THC protect mice from
neuroinflammation-induced damage (Fishbein-
Kaminietsky et al., 2014). Interestingly, the protective
effect of THC was blocked with a CB1 and PPARYy but
not CB2 antagonist (Fishbein-Kaminietsky et al., 2014).
While exposure to low doses can cause long-term neu-
roprotective effects observable 7 weeks post exposure
(Fishbein et al., 2012), in our study we observed persis-
tent effects 30 months following developmental expo-
sure. Thus exposure during early developmental periods
can cause persistent alterations to gene expression.

While adult THC-exposed fish weighed less in a
biphasic manner, we observed increased size in the F1
parentally exposed offspring as THC concentration de-
creased (exactly the opposite of what we saw in the
adults). This effect along with the change in the eye
diameter offer evidence that exposure to THC during
development can cause developmental alteration across
generations. We unfortunately only kept the highest
concentration of THC-exposed fish to raise into adult-
hood for the F1 generation due to space constraints.
Future studies should assess the multigenerational ef-
fects of lower doses to THC, as there were many effects
observed in the FO. The effect of parental exposure to
the high dose of THC continued to have adverse out-
comes in the F1 generation as they grew into adulthood
with the fish exhibiting lower survival and they were
completely unable to reproduce when bred at 30 months
old. However, there was no significant alteration of gene

expression in the F1 parentally exposed progeny. Over-
all, the highest concentration of THC tested displayed
toxicity to their F1 progeny measured through reduced
survival and complete reproductive failure when aged.

Along with our concurrent CBD study, the data pre-
sented here indicate developmental exposure to THC
and CBD can cause significant alterations in the health
and function in advanced age. While some of the effects
of THC and CBD were similar, there were substantial
differences which are likely brought about by the vary-
ing mechanisms of action of each compound. Addition-
ally, we used a different concentration range for THC
(0.08, 0.4, and 2 uM) and CBD (0.02, 0.1, and 0.5 uM)
because of different potencies in acute developmental
toxicity (Carty et al., 2018). By far, the most contrasting
result was that CBD generally acted in a protective,
concentration-dependent manner being most effective
at 0.5 uM, while THC’s effects were biphasic (most
effective at 0.08 uM) for many of the endpoints ob-
served including survival, weight and length, kyphosis,
and the expression of genes such as tnfo and il-173.
However, exposure to CBD and THC displayed
concentration-dependent reductions in fecundity at the
highest concentrations exposed (0.5 uM or 2 pM, re-
spectively), as well as similar increased aged female egg
production at lower concentrations. Exposure to either
cannabinoid caused a concentration-dependent reduc-
tion of ppary expression in female fish, but in male fish
THC increased expression, whereas CBD did not. Tak-
en together, cannabinoid exposure during early devel-
opment can cause significant long-term effects on repro-
duction, growth, and survival.

In this current study, high dose exposure of THC
resulted in reproductive toxicity, significantly reducing
the survival and reproduction of F1 progeny well into
adulthood. Low dose exposure to THC reduced the
expression of genes related to senescence and inflam-
mation and increased survival. Due to the biphasic
nature of THC, future research considering long-term
and multigenerational impacts of low doses of THC
merit further study. Future work in additional animal
models exposed to cannabinoids at various ages is now
necessary to determine whether low doses of THC and/
or non-psychoactive cannabinoids have the potential to
modulate the aging process.
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