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Abstract

Background and Objectives: For cannabis and other drugs of abuse, initial response and/or tolerance to drug
effects can predict later dependence and problematic use. Our objective is to identify sex and genetic (strain) dif-
ferences in initial response and rapid tolerance to A9-tetrahydrocannabinol (THC), the main psychoactive ingredient
in cannabis, between highly genetically divergent inbred mouse strains—C57BL/6J (B6) and DBA/2J (D2).
Experimental Approach: Sex and strain responses relative to baseline were quantified following daily exposure (ip.)
to 10 mg/kg THC or vehicle (VEH) over the course of 5 days. Dependent measures included hypothermia (decreased
body temperature) and ataxia (decreased spontaneous activity in the open field), and antinociception (increase in tail
withdrawal latency to a thermal stimulus). Initial sensitivity to THC was defined as the difference in response between
baseline and day 1. Rapid tolerance to THC was defined as the difference in response between days 1 and 2.
Results: B6 exhibited greater THC-induced motor activity suppression and initial sensitivity to ataxia relative to
the D2 strain. Females demonstrated greater levels of THC-induced hypothermia and initial sensitivity relative to
males. Higher levels of THC-induced antinociception and initial sensitivity were observed for D2 relative to B6.
Rapid tolerance to THC was observed for hypothermia and antinociception. Much less tolerance was observed
for THC-induced ataxia. D2 exhibited rapid tolerance to THC-induced hypothermia and antinociception at time
points associated with peak THC initial response. Likewise, at the peak initial THC response time point, females
demonstrated greater levels of rapid tolerance to hypothermic effects relative to males.

Conclusions: Both sex and genetic factors drive variation in initial response and rapid tolerance to the ataxic,
antinociceptive, and hypothermic effects of THC. As these traits directly result from THC activation of the canna-
binoid receptor 1, gene variants between B6 and D2 in cannabinoid signaling pathways are likely to mediate
strain differences in response to THC.
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Introduction Although estimates vary by year and epidemiological

Cannabis is used by millions of individuals both legally
and illegally in the United States and worldwide. Estimates
for individuals over the age of 12 from the United States in
2014 revealed that 2.5 million people used cannabis for the
first time' and that 22.2 million individuals used cannabis
in the past month.” Public attitudes and regulatory poli-
cies about the drug have also changed dramatically over
time, resulting in increased use’ and a subsequent in-
creased risk of abuse and use disorders.

survey, lifetime prevalence of cannabis use disorder
(CUD) may be as high as 8.3%.%” It is now clear that
a significant number of individuals who use cannabis
are at risk of developing CUD and associated withdrawal
symptoms.®'? CUDs are heritable and controlled by
genetic factors'>'%; however, only a handful of
genes (i.e., CADM2, NCAMI, NRG1, CSMDI, and
CHRNA?2) have been associated with cannabis use

or dependence in human genome-wide association
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studies.”™'” Thus, the genetic factors and biological
processes underlying the transition between initial
use and CUD remain largely unknown.

Pioneering work by Marc Schuckit demonstrated that
individuals with lower initial sensitivity to the intoxicat-
ing effects of alcohol were at greater risk for later depen-
dence and alcohol use disorders.”® Differences in initial
response to a broad spectrum of drugs of abuse (opioids,
stimulants, inhalants, and alcohol) often predict later de-
pendence and substance use in humans®' or endophe-
noypes related to problematic use, such as tolerance
and increased drug reward and self-administration in
rodents.*> "> Similar associations between variation in
initial subjective response to cannabis and later depen-
dence are found for cannabis use in humans.*

Initial response to cannabis, THC, and other canna-
binoid receptor 1 (CB1R) agonists has been measured
across a range of doses among several inbred and out-
bred mouse strains (Table 1).>”7>> However, few of
these studies have directly compared strain differences
in response and most do not include females, thus pre-
venting analysis of sex differences. Despite marked var-
iation among individuals in the acute response to
cannabis in humans,>® little is known about the genetic
factors mediating differential response or how initial
sensitivity and tolerance may contribute to risk of
CUD. Few studies systematically address possible ge-
netic or sex differences in both initial response and tol-
erance to cannabinoids in human or animal models.

In this study, we begin to address these gaps in
knowledge by profiling the response to the main psy-
choactive substance in cannabis, THC, in males and fe-
males from highly genetically divergent C57BL/6] (B6)
and DBA/2] (D2) inbred strains of mice. These strains
differ at millions of loci®” and are the progenitor strains
for a large and well-characterized panel of recombinant
inbred strains, the BXD population.”® Many pheno-
types show heritable (controlled by genetic factors) dif-
ferences among the B6 and D2 parental strains and
their recombinant inbred BXD progeny, including
response to drugs of abuse—ethanol, nicotine, meth-
amphetamine, cocaine, and opioids.”*43 The gene var-
iants underlying these and other heritable differences
between B6 and D2 can be identified using forward ge-
netic mapping approaches in the BXD panel.**

To begin to address potential genetic variation in spe-
cific molecular signaling pathways that mediate response
to THC, we measured behavioral and physiological re-
sponses directly related to THC activation of the CBIR
in male and female B6 and D2 mice. These responses in-
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clude diminished locomotor activity, hypothermia, and
longer latencies to respond to a thermal stimulus.*>™*
Specifically, we quantified initial sensitivity as the acute
response upon first exposure to THC and rapid tolerance
as the response upon the second exposure to THC.

Rapid tolerance was included because repeated daily
administration of THC in humans and animals pro-
duces rapidly diminished physiological responses
(rapid tolerance) within just a few days. This response
may be linked to the rapid adaptation or desensitization
of the main neuronal receptor of the endocannabinoid
system, CB1R.>® We also compared overall rates of
tolerance/desensitization following five consecutive
daily exposures to THC.

In this study, we provide the first report of sex differ-
ences in the hypothermic response to THC and genetic
(strain) differences in initial sensitivity and rapid tolerance
to the ataxic and/or analgesic effects of THC. Identification
of genetic differences influencing sensitivity and tolerance
to THC is important for understanding negative aspects
associated with acute (e.g., motor depression and intoxicat-
ing effects) and chronic use (e.g., cannabinoid dependence
and withdrawal), and for developing the therapeutic poten-
tial (e.g., analgesic effects) of the endocannabinoid system.

Materials and Methods

Animals

B6 and D2 mice (at least 20 per strain) were purchased
from the Jackson Laboratory or bred in-house as described
below. All mice were at least 60 days of age before testing.
At least 1 week before testing, animals were separated into
individual housing and handled daily. To reduce stress and
anxiety responses throughout the study, handling (with the
exception of i.p. injections) consisted of lifting mice in ei-
ther cupped hands (avoiding any lifting by the tail) or a
plastic lid from a pipette tip box.>' > Food and water
were provided ad libitum and mice were maintained
on a 12-h light:12-h dark cycle with lights on at
0600h. All testing was performed during the light
cycle from 0700h to 1600 h. All animal activities were
approved by the University of Tennessee Health Science
Center Institutional Animal Care and Use Committee.

THC and vehicle formulation

THC was formulated in an ethanol:cremophor:saline
(5:5:90) vehicle (VEH) followed by filter sterilization.
The resulting formulation was stored in the dark and
under (4°C) refrigeration in a septum-sealed vial.
A new formulation was generated for each cohort of
mice and used within 1 week of formulation. The



(panunuod)

#xV (d1) 6y/6w oL
*Y (d) Boy/Bw g JW JoqieH Jeg W
o¢ 2V %A ulw G¢ (42quwieyd AnAnde) uoissaidaqg Jolop (dr By/Bwol  DHL INdYy AYAIISUSS |eniul  ‘saliojeloqe uosyder 4 919452
% ulw (1aquieyd AuAnde) uoissaidaq 1010\
«P/Bbw og uiw o (3591 Jeq) Asdajered)
* uw o (1m3) uondadpounuy (d'1 '63/6w og
* uw o elwdylodAH ‘0L ‘g ‘0) dsuodsa1-350Q  €£0-HMI
%1 0€/bw 0oL pue g uiw o (1aquieyd AnAnoe) uoissaidaq 1010
U uiw o (1591 Jeq) Asdajere)
«10g/Bwool  uwo (1m3) uondadounuy (uonejeyul
£10€/6wooL pue og  uIWQ eluidylodAH  “10€/6w 0L pue ‘0€'0L)  €L0-HMI
% ulw (1aquieyd AyiAnde) uoissaidaqg Jolop
DW/bwol pue ¢ uiw o (3591 4eq) Asdajered)
* uiw (1m1) uondsdpounuy (d1'By/Bw ol pue
% ulw o ejwidylodAy ‘g ‘| ‘o) asuodsai—asogd  8LO-HMI
+1 0€/6w 0oL pue ‘0¢ ‘oL ulw o (1aquwieyd AnAnoe) uoissaidaq 1010\
s'u uiw o (1591 4eq) Asdajere)
«10€/Bw 0oL pue og ulwo (1m3) uondadpounuy (uonejeyui
£10€/6w ool pue ‘0g ‘0L uwQ elwiaylodAy “10€/6w00L pue ‘0€ ‘0L)  8LO-HMI
% ulw (1oquwieyd Auanoe) uoissaidaq 1010\
«P/Bw 0oL pue o ulw Q (3591 Jeq) Asdajered)
% uiw o ()m3) uondadpounuy (d'1 ‘B3/6w QoL pue
* uw eluisyodAH ‘o€ ‘0L ‘0) @suodsal-3sog  DHL
«10€/6w 001 ulw Q (1aquwieyd AuAnde) uoissaidaq 1010\
s'u ulw o (3593 Jeq) Asdajered (uonejeyul Kuojo) saduaIds
«10€/6wo0L ulwo (1m3) uondadounuy “J0g/bwi oL pue [eSIP3N 104 sesuexly
cs %1 0€/bw 0oL pue g uiw o ejwaylodAH ‘0€’0) suodsal-asod  DHL aNdy ANAIISUSS |eU| Jo AusisAun N I9ISAIM SSIMS
HPWHe=%a3  wwo9 elwiaylodAH
DN/Bbw 6L =a3 uiw o (3531 Bu) Anjiqowiwj
HN/Pwgr=g3  uwoz (Im3) uondadpounuy (A7 'By/Bw g pue 'y ‘T
AYN=%a3 ulw g (42qwieyd AyAnde) uoissaidag 1010 ‘L ‘S0 ‘0) dsuodsai-asoq  DHL INdYy ANAINSUDS [eIlU|
su uiw 09 ejuaylodAH
HweoL=%g3  uwop (3531 Bul) Ajigowwj (uonejeyul
Hw09=203 uwoz (Im3) uondadpounuy  ‘Bui Qg pue ‘00T ‘001 NI ‘stjodeueipul
e s'u ulw g (4aquieyd Auande) uoissaudaq 010 ‘0§ ‘OL) dsuodsai-asoq  siqeuued  3IdyY AJAIISUSS [elMu]  ‘saliojeloqeT ueleH N oDl
% ulw 08l ejuaylodAH
o uiw 09 ejwaylodAH
% ulw 09 (42qwieyd AyAnde) uoissaidaqg Jolop ('d'1) By}/Bw o1 ueder ‘eweleyep
% ulw 08l ejusylodAH ‘sallojeIOqe] [eWIUY
oz % ulw 09 (12quwieyd AnAnde) uoissaidaqg Jo1op (dr By/bwg  DHL 21NdY AYUAIISUSS |eniu| |eyuswiadxg emry N oAPP
e % uw 09 (3533 Jeq) Anjiqoww| (d1) BY/BwolL  DHL oy Auaisuas |eriu) - ueder ‘ebeg ‘opohny W oAPP
*J9y ‘bIS awn ‘fui-ysod adfyouayd paisa] asoq 1siuobe yrgd Inpayds asuodsay 10pUaA X3§ ulesns

saIpn)s asnoy jo Arewwns ‘| ajqeL

233



(panunuod)

(YzL A1ana JIN “JoqJeH Jeg
<Y ujw o (P2 uado) uoissaidaq 4010\ X ‘d1 By/Bw QL) sAkep 7 DHL pajeaday 90URIDIO] ‘SdlOIRIOCRT UOSY e[ N [rz/vaa
(Yzs A1ana JN “JoqieH Jeg
. PRYEN ulw o (P13 uado) uoissaidaq 1010\ LX ‘dt BY/Bw QL) skep z  DHL pajeaday 9dURIDIO]  ‘solIOIRIOCET UOSYIel A 919450
(A1)
191e] Y g 9suodsai-asop
+ (25 Ajiep LX) By/Bbw oL+
«P/Bbw 60'8=25a3 ulw g (1loquwieyd A1Ande) uoissaidaq 1010\ skep 9 1oy ('s Ajiep
DNPwWyl6=003  uwoz uondadounuy 7x) By/BwioL :Aep 9
(A1)
J91e| Y $Z 9suodsai—asop
+ (0 Ajiep |x) By/Bbwi oL+
Doy/bw /1 =05q3 uiw g (1aquwieyd A1Ande) uolssaidaq 4010\ skep ¢ 1oy ('s Ajiep
DN/Pwosrg=0a3  uwoz uondadounuy 7x) By/Buwi ol :Aep g€
(A1)
131e| Y g 9suodsai—asop
+ (s Ajiep 1x) Byy/Bui oL+
D/Bw oy =°3a3 ulw g (12quieyd A1Ande) uoissaidaq 1010 Kep | 1oy (s Ajiep
HNPWere=203  uwoz uondasounuy 7x) By/bwiol Kep G|
('A'T) 4918 Y g dsuodsal
By/6w 19'0=05q7 “su uiw g (1aquieyd A1Ande) uolssaidaq 4010\ —-asop + (2's Ajlep NI ‘sijodeueipu)
/2 by/bw oLl =%Q7 'su ulw 0z uondadpounuy LX) By/bwiol :Aep S0 DHL paleaday ddueI9|0]  ‘souoleloge] uepeH W oDl
* uiw 0z ()m3) uondadpounuy
% uiw o (12quieyd A1Ande) uoissaidaq 1010\ VIN ‘uoibuiwijipy
% ujw 0§ ejwaylodAH ‘sali03eloqe]
% ulw 09 (3533 Bup) Asdajered ('d1) BY/bwos  DHL aIndy Anamsuss jenu JOAIY sspeyd W ,&/vaa
s'u uiw oz (jm3) uondadpounuy
% uiw o (1oquwieyd A1Ande) uolssaidaq 1010\ YN ‘uoibuiw)ipy
su ulw o€ ejwaylodAH ‘sali0jeloqe]
* Ui 09 (4533 bun) Asdajered (d1) BY/6wos  DHL amy Ay 1aA1y sapeyd W 918450
% uiw 0z (jm3) uondadpounuy
% uiw o (laquieyd AuAnoe) uoissaidaq 1010 YN ‘uoibuiw)ipy
% ulw 0g elwiaylodAH ‘sa1i0}eI0qe
s * uliw 09 (3533 Bup) Asdajered (d1) BY/6wos  DHL a1ndy ANAIISUSS (el J9AIY sspeys W oddl
FEN| BIS awn ‘ful-ysod adfjouayd paisa) asoq 1siuobe yirgdy 3npayds asuodsay J0pua/ X9g uleas

(penunuod) ‘L sjqey

234



"350p 153YBIY By} 18 PIAIISCO J0U SeM 9405< 10343 U snedaq pale|ndjed Jou sem 053 ‘ANAIDE 10J0W0D0| payqiyul Apuesyiubls DHL,

“ulel}s paiginoy
‘ureis paiquj,

“utleAlqeuued0IPAYRIR) 9%50°0 PUe ‘|jo1abiqeuued g1 °0 ‘joIpIqeuURd 9/ L0 ‘|oulqeuURD %81°0 ‘DHL %9t'€ PaUIRIUO siqeuue
uedyIubIs Jou=-su *(p|o sAep €/) ynpe=y pue (p|o sAep zg) dIUIAN[= ‘Sn|NWIIS [ewIdy}
e 0} 3suodsas ul ADUS1e| [EMBIPYUM |IB]=|M] ‘PILUD 9OUDIDYDY ="JOY "sxxxL00°0>d 4 10°0>d '4+S0°0 >d ‘oA duedyIubIS ="HIS *a1nsodxa 1siuobe Y| gD 01 aAlle[as painseaw sem el qulod awi) =awi) ‘(ul-1sod

[43

xx21T KB@ pue 4,51 Aeq

*«D/Bw g pue By/Bw | 117 Aeg

s'u

s'u
s'u

s'u

s'u
s'u
s'u
s'u

ulw oe

ulw og

ulw Gt

ulw G

ulwog
ulw oz
ulwog
ulw st
ulw og
ulw oz
ulw og
ulw 6t
ulw og
ulw oz

(pIoy uado) uoissaidag 1010\

(pIoy uado) uoissaidag 1010\

(1m3) uondadounuy

(Im31) uondadpounuy

ejwaylodAH

(3531 Jeq) Asdsjered

(pIay uado) uoissaidaqg 10101
(1m3) uondsdpounuy
ejuiaylodAH

(1591 Jeq) Asdajered

(p|oy uado) uoissaidsq 1010
()m3) uondadpounuy
ejwIayudAH

(3591 Jeq) Asdajered

Kep uad ('d'r) By}/Bw 0|
e sAep Juawieas
SAIINDISUOD |7 pue G|
Kep sad ('d'r) By/bw € 10
‘| €0 e sAep uawiean
SAIINDASUOD |7 pue G|
Kep Jad ('d') By}/Bw 0|
1e sAep jJuswieasy
SAIINDISUOD |

Kep Jad (-d'r) By/bw € 10
‘L ‘€0 1e sAep Juawjean
DAIINDISUOD 7|

Kep Jad ('d'1) BY/Bw QL
10 ‘€ ‘| ‘€'0 1B shep
JUSWI1EJ] DAIINDISUOD
yLi0ZL'L'S'E

(d1) By/bwoL

(dn) By/bwe ‘L ‘€0

DHL pajeaday

DHL andy

2duess|o]

ANADISUSS (el

eljelisny ‘213ua)
92IN0saY |ewiuy W 24Vr9/194SD

J9d

*bIs

awn “fursod

adfyouayd paisa)

asoq

isluobe yLgd 3Npayds

asuodsay

10puaA X35 urens

(penunuod) ‘L sjqey

235



236

VEH was prepared in the same manner. THC and VEH
were administered by intraperitoneal (i.p.) injection at a
dose of 10mg/kg, such that a 30 g mouse received a
100 pL injection. The 10 mg/kg dose was selected based
on previous pre-clinical studies that demonstrate signif-
icant responses (ataxia, hypothermia, and/or antinoci-
ception) in a number of strains at this dose (Table 1).

THC formulation stability

Five microliters of the formulation was removed imme-
diately after preparation and 8 days post-preparation,
and each diluted with 100 uL of methanol. The samples
were analyzed immediately following sample prepara-
tion wusing high-resolution mass spectroscopy
(HRMS) on a Waters Xevo G2+S QTOF (Milford,
MA) system in negative mode.

A reversed-phase BEH Cl18 analytical column
(2.1 x50 mm, 1.7 mm particle size; Waters) was used
for the LC separation. The mobile phase was 95%
water with 5% acetonitrile (solution A) and acetonitrile
(solution B). The extracts were resolved using a 5-min
gradient elution of 20% solution B; 1.5-3.0 min of 20%
to 100% solution B; 3.0-4 min of 100% solution B; and
4-4.5 min of 100% to 20% solution B at a flow rate
of 0.3 mL/min.

A PDA detector (Waters, Milford, MA) was used to
measure the UV chromatogram before mass spec-
trometer analysis. The THC eluted at 3.75 min with
a molecular mass of 313.2017 [M-H] (calculated for
m/z C21H2902 [M-H] 313.2173). The THC peaks
were integrated and the formulation stored for 8
days was found to contain 95.2% of the initial THC
used in the formulation.

Phenotyping pipeline A

An initial pilot study was performed first in B6 and D2
male mice (20 per strain) purchased from the Jackson
Laboratory. A separate cohort of female mice (18 per
strain), also purchased from the Jackson Laboratory,
was tested ~ 1 year later. Mice were randomly assigned
to the THC or VEH groups. The number of mice tested
in this pipeline was as follows: 4 VEH B6 females, 4
VEH D2 females, 4 VEH B6 males, 4 VEH D2 males,
14 THC B6 females, 14 THC D2 females, 16 THC B6
males, and 16 THC D2 males.

Mice were tested over 7 consecutive days (Fig. 1). No
injections were given on day —1 (acclimation). On day 0
(baseline), all subjects received a VEH injection (100 uL
per 30 g, i.p.), and on days 1 through 5 (treatment), all
subjects received a VEH or THC injection (i.p.). On
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FIG. 1. Overview of Experimental Pipelines. An overview
of treatments and test days can be found in the top panel.
Testing occurred over 7 days. On the first day, mice were
acclimated to the testing paradigm for testing pipelines A
and B. Animals were not treated and data collected on this
day were not analyzed. Baseline data were collected on
day 0 and all mice received a VEH injection (100 uL per
30 g body weight, i.p.). On days 1 through 5, mice received
either VEH or THC (10 mg/kg, i.p.) treatment depending on
their random assignment to either condition. At the
indicated time post-injection of VEH or THC, and on each
day, mice were tested for the effect of treatment on
hypothermia (body temperature or Temp), ataxia
(spontaneous motor activity over 10 min in the open field
or OF), and analgesia/antinociception (tail withdrawal
latency to a thermal stimulus or TF). VEH, vehicle; THC,
A9-tetrahydrocannabinol.

each day, body temperature and motor activity were
measured at multiple time points (Fig. 1). Because re-
peated testing within session can influence behavior,
tail withdrawal latency in response to a thermal stimulus
was measured at a single time point.

Time points and THC dose (10 mg/kg) were selected
based on literature survey (Table 1). Previous studies dem-
onstrated that 10 mg/kg (i.p.) THC is the lowest dose that
reliably produced significant effects in ataxia, hypother-
mia, and/or antinociception relative to controls across
a range of mouse strains (predominately male) (Table 1).

Temperature was measured using a ThermoWorks
digital thermometer with rectal probe adaptor at time
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0, 30, and 60 min post-injection. Analgesia was mea-
sured 60 min post-injection as the tail withdrawal la-
tency to a thermal stimulus using a tail flick assay. In
this assay, mice were gently restrained in a 50 mL con-
ical tube or by hand, and the tail was submerged
~2cm in a 52°C water bath. The latency to remove
the tail in response to the thermal stimulus was recorded
to the nearest 1/10sec. Average tail flick latency was
recorded based on two independent observers.

Motor activity was measured as the time spent mo-
bile (spontaneous motor activity) in a 40x40cm
open field at 0 and 75 min post-injection. Mice were
gently transported by hand or in a clear plastic box
to the center of the open field and activity was video
recorded for 10 min. Immobility was detected using
AnyMaze (Stoelting) software and was operationally
defined as no movement for at least 3 sec. Mice were
habituated to the test room for 1h before testing.

Phenotyping pipeline B

Male and female mice from a breeding colony at
UTHSC (less than six generations from the Jackson
Laboratory stock) were used. Mice were randomly
assigned to THC or VEH groups. Males and females
of both strains were tested together in several small
batches. Strain and sex were counterbalanced across
batches and within daily sessions. Up to eight mice
were included in each session and up to four sessions
were run per testing batch. Mice were returned to
their home cage between tests. Mice were habituated
to the test room for 1h before testing.

The testing schedule was similar to pipeline A, with
the exception that the schedule was streamlined to in-
crease throughput by measuring phenotypes at a single
time point (Fig. 1) over a shortened time period
(60 min), relative to pipeline A (85min). Mobility in
the open field was measured at 30 min post-injection
and core body temperature and analgesia were mea-
sured at 60 min post-injection. The number of mice
tested in this pipeline was as follows: 6 VEH B6 fe-
males, 6 VEH D2 females, 12 VEH B6 males, 14
VEH D2 males, 16 THC B6 females, 13 THC D2 fe-
males, 17 THC B6 males, and 17 THC D2 males.

Statistical analysis

Data from all cohorts and both phenotyping pipelines
were combined for statistical analysis. Statistical outliers
(greater than 2 standard deviations from the mean for
each sex and strain by day and trait) were excluded
from further analysis as were individuals with technical
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artifacts (e.g., bad injection, AnyMaze software failure,
temperature probe failure, or mouse with obvious health
issues). Data from days 0 through 5 were included in the
analysis. Raw trait data (mobility and tail flick latency)
for each individual were transformed relative to baseline
(day 0) by subtracting trait values for each day by the
trait values for day 0. Raw temperature trait data for
each individual were transformed relative to baseline
(time 0) by subtracting trait values for each day (time
30 or 60) by trait values for time 0.

For each individual, response to treatment (THC or
VEH) was calculated as the area under the curve
(AUC) using the plyr and MESS packages in R. The
spline function [type=c(“spline”)] and the absolute
area (negative and positive areas combined; absolute
area=TRUE) were used with MESS package defaults
for the auc function to calculate AUC.

Omnibus ANOVAs were then performed on the
AUC data using base functions in R to determine
trait response based on a number of independent fac-
tors. Time mobile in the open field (a measure of the
motor depressant effect of treatment) was evaluated
using a multifactor ANOVA: AUC,,pile ~ Treatment*
Strain*Time*Sex. Body temperature (a measure of the
hypothermic effect of treatment) was evaluated using a
multifactor ANOVA: AUCemperature ~ Treatment*
Time* Sex*Strain. Tail flick latency to a thermal stimulus
(a measure of the antinociceptive effect of treatment) was
evaluated using a multifactor ANOVA: AUCemperature ~
Treatment*Strain*Sex. Factor order was arranged
to maximize impact (F-value) of each factor on trait
variation.

Post-hoc analysis [multifactor ANOVA and Tukey’s
honest significant difference (HSD)] was then performed
to specifically evaluate the effect of sex and strain on ini-
tial sensitivity and rapid desensitization to THC as de-
scribed below.

Initial sensitivity was calculated for the THC group as
the difference between day 1 (acute THC treatment) and
day 0 (baseline). This difference score was calculated for
each individual and then averaged by strain and sex. Dif-
ference scores provide a more direct method to investi-
gate drug response and are more robust to the effects
of batch.>* To determine the effect of strain and sex on
initial sensitivity to THC for each trait (y), multifactor
ANOVA in the form of y ~ Strain*Sex was performed
using base functions in R. Post-hoc analysis to determine
pairwise significance between strains for each sex and
time point was performed using Tukey’s HSD test
(TukeyHSD base function in R).
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Rapid tolerance was calculated for the THC group as
the difference between day 2 (second THC exposure)
and day 1 (acute THC treatment). This difference
score was calculated for each individual and then aver-
aged by strain and sex. To determine the effect of strain
and sex on rapid tolerance to THC for each trait (y),
multifactor ANOVA in the form of y ~ Strain*Sex
was performed using base functions in R. Post-hoc
analysis to determine pairwise significance between
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strains for each sex and time point was performed
using Tukey’s HSD test as described above.

Results

Sex and strain differences in psychomotor

response to THC

Results are summarized in Figure 2A. Compared to
VEH, treatment with THC (10 mg/kg, i.p.) resulted in
a significant reduction in the time spent mobile in

-100 — THC

-200 VEH
-300

-400

'

E’-E -100

LY

£ i i m Strain

%5 -300 - 85
28 = -400 - 02
= o -500
o g =
% g T 0 Treatment

93

2a

S&

]

=

=]

-500

g -
o 1 2 3 4 5 0 i 2 3 4 5 0 1 2 3 4 5
0 30 T

s o 200

D 100 0T e 100

Qwao - o o

o E 200 foE akk .
o £ 300 o~k OE

=3 E >C
5388 « 58&5 w0
Z5dg 500 =S ES ow
K 3

@& 10 2% 100

— oS 200 =

T ol Beca =
= C > -300 20,

E®m LR

—5 400 o -100

500

FIG. 2. Motor response to THC. (A) Time mobile in seconds (sec) in the open field is shown for B6 and D2 females (top
panel) and males (bottom panel) at three time points (0, 30, or 75 min) post-injection of THC (10 mg/kg) or VEH. Trait
data for every individual have been transformed relative to baseline (day 0) by subtracting trait values for each day by
the trait values for day 0 and averaging data by strain, sex, treatment, day, and post-injection time. Data represented as
mean £ SEM. Ataxia is evident as early as 0-10 min (0-min time point) post-injection on day 1 and is more prominent in
males. Peak initial response to THC occurs at 75 min post-injection on day 1. Both males and females of the B6 strain are
more sensitive to the ataxic effects of THC relative to both sexes of the D2 strain, and males are more sensitive than
females. Rapid tolerance is evident upon second exposure to THC and results in a modest ~25% (B6) to ~50% (D2)
increase in motor activity. However, full desensitization (return to baseline levels) is not observed after five consecutive
treatments. (B) Initial response to THC is shown as the difference between day 1 and 0 (baseline) for the THC treatment
group (average of each individual’s difference score, VEH group not shown). Significant strain differences in initial
sensitivity to the ataxic effects of THC were evident on day 1 for both males and females at the 30 and 75 min post-
injection time points based on Tukey’s HSD test. (C) Rapid tolerance to THC is shown as the difference between day 2
and 1 (THC treatment group only). Rapid tolerance to the ataxic effects of THC is not evident at 0 min post-injection.
Relative to D2 mice, B6 mice demonstrate significantly greater rapid tolerance to the ataxic effects of THC at 30 min
post-injection. B6 females exhibited significantly greater rapid tolerance relative to D2 females at 30 min post-injection.
Significance defined as p<0.05% p<0.01**, and p <0.001***,
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the open field [F(1,284)=353.4, p<0.001]. There was
also a significant main effect of strain [B6 > D2;
F(1,284)=88.2, p<0.001], post-injection time [75 min
>30min >0min; F(1,284)=43.6, p<0.001], and sex
[M > F; F(1,284)=20.8, p<0.001] on the reduction of
locomotor activity.

The B6 strain was more sensitive to the motor depres-
sant effects of THC relative to D2 and this difference
was enhanced at 30 and 75 min post-injection as indi-
cated by significant interactions between treatment and
strain [F(1,284)=43.3, p<0.001], strain and post-
injection time [F(1,284) =32.7, p<0.001], and treatment,
strain, and time [F(1,284)=8, p<0.01]. In addition,
there were significant interactions between treatment
and sex [F(1,284)=10.0, p<0.01], time and sex
[F(1,284)=29.6, p<0.001], and treatment, time, and
sex [F(1,284)=29.6, p<0.001], with males exhibiting
an earlier (post-injection time 0) and more pronounced
response to the motor effects of THC relative to females
and VEH treatment at 30 min post-injection.

Significant strain differences in initial sensitivity to
the ataxic effects of THC upon first exposure were ob-
served at both the 30-min [B6 > D2; F(1,48)=72.7,
p<0.001)] and the 75-min [B6 > D2; F(1,78)=92.6,
p<0.001)] time point (Fig. 2B). At both 30 min post-
injection of THC, B6 males and females demonstrated
greater initial sensitivity to the locomotor depressing
effects of THC relative to D2 males and females ( p ad-
justed <0.001; Fig. 2B). No significant main effects of
sex or interaction effects were observed at these time
points. However, a trend for greater initial sensitivity
to the ataxic effects of THC in males relative to females
was observed at the 30-min time point [F(1,48)=72.7,
p=0.06)]. A significant main effect of sex on initial sen-
sitivity to the ataxic effects of THC upon first exposure
was observed at 0 min [M > F; F(1,78) =14.3, p <0.001]
post-injection of THC (Fig. 2B). No significant effect of
strain or interaction effects was observed at this early
time point.

Rapid tolerance to the ataxic effects of THC following
two consecutive treatments (day 2) was evident in males
and females of both strains at 30 and 75min post-
injection, but not at 0 min post-injection(Fig. 2A). A sig-
nificant main effect of strain [B6 > D2; F(1,48)=14.6,
p<0.001)] and a significant sex-by-strain interaction
effect [F(1,48)=4.2, p<0.05)] on rapid tolerance upon
second exposure to THC were observed at 30 min post-
injection only (Fig. 2C). Post-hoc analysis of the 30 min
post-injection time point revealed that B6 females
exhibited significantly greater rapid tolerance to the
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ataxic effects of THC relative to D2 females ( p adjusted
<0.001, Fig. 2C).

For B6 males and females, rapid tolerance to the
ataxic effects of THC upon second exposure accounted
for an ~25% change in the direction of baseline levels
of activity at the time of maximal initial response (THC
group, 75min post-injection, Fig. 2A). For D2 males
and females, rapid tolerance to the ataxic effects of
THC upon second exposure accounted for an ~50%
change in the direction of baseline levels of activity at
the time of maximal initial response (THC group,
75min post-injection, Fig. 2A). For both strains and
sexes, and at every time point post-injection, the return
to baseline was still incomplete after five consecutive
daily exposures to THC (Fig. 2A).

Sex and strain differences in the hypothermic
response to THC

There were significant main effects of treatment
[THC > VEH; F(1,181) =106.4, p <0.001], post-injection
time [60 min >30 min; F(1,181)=11.6, p<0.001], and sex
[F > M; F(1,181)=11.5, p<0.001] on body temperature
(Fig. 3A). In addition, a significant time-by-sex interac-
tion effect [F(1,181)=3.7, p=0.05] and a nonsignificant
trend for a treatment-by-time interaction effect [60 min
>30 min; F(1,181)=3.7, p=0.05] on hypothermic re-
sponse were detected. Females exhibited the largest
response to treatment and the magnitude of the treat-
ment effect on hypothermia was greatest at 60 min
post-injection.

There was a significant main effect of sex on initial
response to THC [F(1,28)=8.6, p<0.01] at 30 min
post-injection. There were no main effects of strain
or sex-by-strain interaction effects on initial response
to the hypothermic effects of THC at this time point.
At 60 min post-injection of THC, there were significant
main effects of sex [F(1,89)=8.4, p<0.01] and strain
[F(1,89)=4.0, p<0.05] on hypothermic initial response
to THC. At both post-injection time points, females
exhibited greater initial sensitivity to the hypothermic
effects of THC relative to males (Fig. 3B). At the 60-
min time point, the D2 strain exhibited greater initial
sensitivity to the hypothermic effects of THC relative
the B6 strain (Fig. 3B).

At 60 min post-injection (maximum initial response
to THC), rapid tolerance to the hypothermic effects of
THC upon second exposure accounted for a 50% or
greater change in the direction of baseline body temper-
ature (~70% in B6 females, ~50% in B6 males, ~ 80%
in D2 females, and ~65% in D2 males; Fig. 3A). In
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FIG. 3. Hypothermic response to THC. (A) Body temperature (°C) is shown for B6 and D2 females (top panel) and
males (bottom panel) at three time points (0, 30, or 60 min) post-injection of THC (10 mg/kg) or VEH. Trait data for every
individual have been transformed relative to baseline (time 0) by subtracting 30- and 60-min trait values for each day by
the trait values for time 0 and averaging data by strain, sex, treatment, day, and post-injection time. Data represented as
mean £ SEM. Profound hyperthermia is evident in both strains at 30 min post-injection on day 1 and is more
pronounced in females. Peak initial response to THC occurs at 60 min post-injection. Rapid tolerance upon second
exposure results in a substantial increase in body temperature toward baseline in both strains and sexes.
Desensitization is complete in both strains and sexed by the third exposure to THC. (B) Initial response to THC is shown
as the difference between day 1 and 0 (baseline) for the THC treatment group. Females demonstrate significantly
greater hypothermia after a single exposure to THC at 30 and 60 min post-injection relative to males. At the 60-min time
point only, a significant main effect of strain was observed, in which the D2 strain exhibits greater sensitivity to the
hypothermic effects of THC relative to the B6 strain. There were no significant interaction effects observed between
strain and sex. (C) Rapid desensitization to THC is shown as the difference between day 2 and 1 (THC treatment group
only). Desensitization to the hypothermic effects of THC is evident for both strains, sexes, and post-injection times by
the third day of treatment. Females demonstrate significantly greater rapid tolerance to the hypothermic effects of THC
at all time points. At the 60-min time point, the D2 strain exhibits slightly greater rapid tolerance relative to B6.

contrast to the mobility trait, the return to baseline was induced hypothermia [F(1,28)=12.8, p<0.05)]. At
complete by the third exposure to THC in both strains, 60 min post-injection of THC, there was a significant
sexes, and post-injection time points (Fig. 3A). main effect of both sex [F(1,81)=9.6, p<0.01)] and

At 30 min post-injection of THC, there was a signif- strain [F(1,81)=4.2, p<0.05)] on rapid tolerance to
icant main effect of sex on rapid tolerance to THC- hypothermia. Relative to males, females exhibiting
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significantly greater rapid tolerance to the hypothermic relative to B6 females and males (~30% and 40%, re-
effects of THC at both time points and the D2 strain spectively). The return to baseline was mostly complete
exhibited greater rapid tolerance at 60 min post-injection in females of both strains by the fourth exposure to

relative to the B6 strain (Fig. 3C). THC; however, males of both strains did not completely

return to baseline by the fifth exposure (Fig. 4A). There
Strain differences in the antinociceptive was a significant main effect of strain [F(1,100)=7.4,
response to THC p<0.01)] on rapid tolerance to the antinociceptive ef-

We observed significant main effects of treatment fects of THC, and D2 mice exhibited greater rapid tol-
[THC > VEH; F(1,152)=50.6, p<0.001] and strain erance to the analgesic effects of THC upon second
[D2 > B6; F(1,152)=9.8, p<0.01] on tail flick latency exposure relative to B6 mice (Fig. 4C). No significant
in response to a thermal stimulus (Fig. 4A). The D2 main effect of sex or sex-strain interaction effects on
strain exhibited longer tail flick latencies relative to rapid tolerance were observed.
the B6 strain. There were no significant main effects
of sex and there were no significant interaction effects Discussion
on tail flick latency. In this study, we provide the first comprehensive sex by
There was a significant strain difference in initial re-  strain comparison of initial response and rapid tolerance
sponse to the antinociceptive effects of THC upon first to THC, the main psychoactive component in recrea-
exposure relative to baseline (Fig. 4B) with the D2 tional use cultivars of cannabis. We report strain differ-
strain exhibiting greater sensitivity relative to the B6 ences in initial response to the ataxic (B6 > D2) and
strain [F(1,107)=6.5, p<0.05)]. No significant sex dif- antinociceptive/analgesic effects (D2 > B6) of THC
ferences in initial response were observed. (10 mg/kg, ip.). We also observe strain differences in
For both strains and sexes, rapid tolerance to the rapid tolerance to the analgesic effects of THC (D2 >
antinociceptive effects of THC upon second exposure B6) and sex differences in hypothermic responses to
accounted for an ~30%-60% change in the direction THC (F > M).
of baseline (Fig. 4A). D2 females and males exhibited The response traits measured in our study—ataxia,
greater rapid tolerance (~50% and 60%, respectively) hypothermia, and antinociception—are all due to the
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FIG. 4. Antinociceptive response to THC. (A) Tail withdrawal latency in response to a thermal stimulus is shown for B6
and D2 females (top panel) and males (bottom panel) 60 min post-injection of THC (10 mg/kg) or VEH. Trait data for every
individual have been transformed relative to baseline (day 0) by subtracting trait values for each day by the trait values
for day 0 and averaging data by strain, sex, treatment, day, and post-injection time. Data represented as mean + SEM.
A significant increase in tail flick latency following THC treatment is evident in both strains and sexes. Rapid tolerance
upon second exposure is more prominent in the D strain and desensitization is nearly complete in both strains by the
fifth treatment, especially in females. (B) Initial response to THC is shown as the difference between day 1 and 0
(baseline) for the THC treatment group (average of every individual’s difference score). The D2 strain (both sexes
combined) demonstrates significantly greater analgesia after a single exposure to THC relative to the B6 strain. (C) Rapid
desensitization to THC is shown as the difference between day 2 and 1 (THC treatment group only). Significant rapid
desensitization to the analgesic effects of THC upon second exposure was observed for the B6 strain relative to the
D2 strain.
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direct action of THC at CBIR, evidenced by the fact
that genetic or pharmacological deletion of CB1R ren-
ders mice insensitive to the ability of THC and other
CBIR agonists® ™ to produce these effects. Based on
cell type-specific deletion of CBIR, the cellular media-
tors of these response traits may be projection neurons
in cortex and striatum.”® Our study provides strong
support for the hypothesis that genetic variants be-
tween B6 and D2 in CBIR signaling pathways, poten-
tially in discrete cortical and/or striatal neuronal
populations, may mediate strain differences in initial
response and/or rapid tolerance to THC.

It is highly likely that pre-existing genetic variation
between B6 and D2 strains is the main cause of differ-
ential sensitivity to the ataxic and analgesic effects of
THC upon first exposure. In support of this hypothesis,
short-term selective breeding (three generations) for
sensitivity or resistance to the initial motor depressant
effects of THC in adolescent F2 mice derived from B6
and D2 demonstrated that this trait was indeed moder-
ately heritable and controlled by segregating gene var-
iants between B6 and D2.>°

The precise genetic factors driving differences in
THC initial response between B6 and D2 genetic back-
grounds are unknown; however, our group has
reported pre-existing differences in CB1R protein levels
in striatum of B6 and D2.>” This difference in striatal
CBI1R levels (B6 > D2) has the potential to directly me-
diate initial response variation between strains to the
motor depressant (B6 > D2), but not the analgesic ef-
fects of THC (D2 > B6). However, the relationship be-
tween gene variants, CBIR levels, and trait variation is
not so straightforward.

Importantly, there are no variants of predicted high
impact in the cognate cannabinoid receptor 1 gene
(Cnrl), no concomitant change in transcript levels,
and no evidence of genetic regulation of transcript ex-
pression.5 7 Thus, strain differences in striatal CB1R lev-
els are likely the result of genetic variation at other, yet
to be identified gene loci involved in regulation of
CBIR levels, endogenous cannabinoid levels, and/or
signaling pathways.

Tolerance is likely caused by CB1R downregulation
(receptor internalization resulting in decreased levels
of the receptor) and/or desensitization (modifications
of the receptor or signal transduction pathway that de-
crease signaling).”®> Relative to the very rapid toler-
ance observed for the hypothermic effects of THC
(~3 days males and females) and the antinociceptive
effects of THC (~5 days in females), we observed
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much less tolerance to the ataxic effects of THC in
males and females of both strains.

The striatum is a key modulator of psychomotor re-
sponses to drugs of abuse and CB1R in striatal neurons
has been shown to mediate the psychomotor eftects of
THC.>® Consistent with our findings of decreased tol-
erance to the motor effects of THC, other human and
animal studies have also reported lower levels of
CBIR following repeated cannabinoid exposure in the
striatum relative to cortex and hippocampus.’*>%%¢!

Rapid tolerance following two consecutive exposures
to THC was evident for hypothermia and analgesia
traits. For both traits, the sex and/or strain with the
highest level of initial sensitivity also showed the highest
level of rapid tolerance at matched time points post-
injection of THC. This inverse relationship suggests the
involvement of the same underlying genetic factors and
regulatory pathways. Genetic correlation between traits
in populations derived from B6 and D2 or quantification
of CBIR levels at baseline and following consecutive
THC treatments could be used in future to interrogate
the relationship between initial response and rapid toler-
ance in more detail.

Identification of sex differences in response to can-
nabis use and abstinence in humans and cannabinoid
response in pre-clinical models has been hindered by
the failure to include an equal representation of female
to male subjects in the vast majority of studies.®>®’
Nevertheless, sex differences in response to cannabis
or cannabinoids have been reported in some clinical
and pre-clinical studies,®*®® suggesting that sex,
along with genetic factors, could contribute to individ-
ual variation in risk of adverse side effects of cannabis
use and risk of CUD.

In this study, we have evaluated a balanced number
of male and female subjects and report large sex differ-
ences, primarily for hypothermic responses (both ini-
tial sensitivity and rapid tolerance) to THC. Sex
differences in rapid tolerance to the hypothermic ef-
fects of THC have also been reported in rats. Female
Wistar rats displayed more rapid tolerance to inhaled
THC (200 mg/mL x2 daily) relative to males,” as did fe-
male Sprague-Dawley rats (30 mg/kg THC delivered x2
daily s.c.) relative to males and ovariectomized females.”
Taken together, these studies suggest a possible role
for estrogen, at least in the development of tolerance
to the hypothermic effects of THC. However, the exact
signaling mechanism and underlying circuitry influenc-
ing sex differences in response to THC have not been
elucidated.
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There are several caveats to our study. First, we were
primarily focused on initial response and rapid tolerance
to THC. Thus, our phenotyping pipeline explored an ab-
breviated exposure to THC spanning five daily exposures
and does not address the effects of chronic cannabinoid
exposure and withdrawal. Second, humans typically con-
sume cannabis in the native state and are therefore ex-
posed to ~ 100 constituent cannabinoids whose targets
and interactions are still not well understood. In this
study, we have only profiled the response to a single
main psychoactive component, THC. However, further
investigation with cannabinoid mixtures is warranted
and could help elucidate the molecular mechanisms un-
derlying the response to other cannabinoids, such as
CBD, or effects from the combined actions of constituent
phytocannabinoids and terpenes.

In conclusion, our study provides strong evidence
that genetic factors in the form of segregating variants
between B6 and D2 genomes influence response to
THC. Ultimately, forward genetic strategies in mouse
populations with divergent behavioral and physiological
responses to THC and other cannabis constituent com-
ponents can be leveraged to identify genes that reduce
adverse health consequences and/or maximize thera-
peutic properties of cannabis or cannabinoid-based
therapeutics.

Genetic populations derived from B6 and D2, such
as the recombinant inbred BXD population, can now
be used to identify the enigmatic genetic factors mod-
ulating cannabinoid initial sensitivity and rapid toler-
ance. Derived by crossing the highly genetically and
phenotypically divergent B6 and D2 strains followed
by inbreeding of the resulting progeny, the BXD family
is the largest and best characterized genetic reference
population currently available.

This population is segregating for ~ 6 million sequence
variants, multiple levels of molecular and behavioral data
have been quantified for many individual BXD strains,
and this family has been used extensively to study ge-
netic variation in traits related to cognitive function,”q7
anxiety,**”®”® schizophrenia,*® and response to drugs of
abuse such as ethanol, nicotine, methamphetamine, co-
caine, and opioids.”>*> The availability of deep phe-
nome data and marked trait variation in cognitive,
sensorimotor, anxiety, and addiction-like behavior
makes the BXDs an ideal population for investigating
behavioral and physiological responses to THC and
other cannabinoids. Future phenotyping efforts quanti-
fying initial sensitivity and rapid tolerance to THC in
the BXD panel are expected to result in the identification
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of key endocannabinoid signaling genes mediating the
response to THC.
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