
Open camera or QR reader and
scan code to access this article

and other resources online.

ORIGINAL RESEARCH

Effects of Tetrahydrocannabinol and Cannabidiol
on Brain-Derived Neurotrophic Factor
and Tropomyosin Receptor Kinase B Expression
in the Adolescent Hippocampus
Joanna Winstone, Hana Shafique, Madeleine E. Clemmer, Ken Mackie, and Jim Wager-Miller*

Abstract
Introduction: Adolescence is an important phase in brain maturation, specifically it is a time during which weak
synapses are pruned and neural pathways are strengthened. Adolescence is also a time of experimentation with
drugs, including cannabis, which may have detrimental effects on the developing nervous system. The canna-
binoid type 1 receptor (CB1) is an important modulator of neurotransmitter release and plays a central role in
neural development. Neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and its receptor,
tropomyosin receptor kinase B (TrkB), are also critical during development for axon guidance and synapse spec-
ification.
Objective: The objective of this study was to examine the effects of the phytocannabinoids, D9-
tetrahydrocannabinol (THC) and cannabidiol (CBD), on the expression of BDNF, its receptor TrkB, and other syn-
aptic markers in the adolescent mouse hippocampus.
Materials and Methods: Mice of both sexes were injected daily from P28 to P49 with 3 mg/kg THC, CBD, or a
combination of THC/CBD. Brains were harvested on P50, and the dorsal and ventral hippocampi were analyzed
for levels of BDNF, TrkB, and several synaptic markers using quantitative polymerase chain reaction, western blot-
ting, and image analyses.
Results: THC treatment statistically significantly reduced transcript levels of BDNF in adolescent female (BDNF I)
and male (BDNF I, II, IV, VI, and IX) hippocampi. These changes were prevented when CBD was co-administered
with THC. CBD by itself statistically significantly increased expression of some transcripts (BDNF II, VI, and IX for
females, BDNF VI for males). No statistically significant changes were observed in protein expression for BDNF,
TrkB, phospho-TrkB, phospho-CREB (cAMP response element-binding protein), and the synaptic markers, vesic-
ular GABA transporter, vesicular glutamate transporter, synaptobrevin, and postsynaptic density protein 95. How-
ever, CB1 receptors were statistically significantly reduced in the ventral hippocampus with THC treatment.
Conclusions: This study found changes in BDNF mRNA expression within the hippocampus of adolescent mice
exposed to THC and CBD. THC represses transcript expression for some BDNF variants, and this effect is rescued
when CBD is co-administered. These effects were seen in both males and females, but sex differences were ob-
served in specific BDNF isoforms. While a statistically significant reduction in CB1 receptor protein in the ventral
dentate gyrus was seen, no other changes in protein levels were observed.

Keywords: cannabinoid type 1 receptor; CB1; brain-derived neurotrophic factor; BDNF; tropomyosin receptor
kinase B; TrkB; phytocannabinoids

Department of Psychological and Brain Sciences, The Gill Center for Biomolecular Science, Indiana University, Bloomington, Indiana, USA.

*Address correspondence to: Jim Wager-Miller, MS, Department of Psychological and Brain Sciences, The Gill Center for Biomolecular Science, Indiana University, 702 N.
Walnut Grove Street, Bloomington, IN 47405, USA, E-mail: jm99@indiana.edu

Cannabis and Cannabinoid Research
Volume 8, Number 4, 2023
ª Mary Ann Liebert, Inc.
DOI: 10.1089/can.2021.0025

612



Introduction
Cannabis has been consumed by humans for thou-
sands of years with its prevalence modulated by polit-
ical and societal climates. D9-Tetrahydrocannabinol
(THC) is the major psychoactive phytocannabinoid
of cannabis, and cannabidiol (CBD) is the main non-
psychoactive phytocannabinoid. Modern plant breed-
ing has resulted in cannabis strains with high-THC
and low-CBD content.1 The negative connotations pre-
viously associated with cannabis usage are currently
waning in the United States, especially in young
adults,2 who now consume cannabis at a higher level
than cigarettes.3 With the shift in society’s perspective
and rate of consumption comes the imperative to un-
derstand the molecular alterations occurring within
the brain of cannabis-consuming adolescents.

Adolescence is typically characterized by physiolog-
ical changes that occur before adulthood, including
changes in synaptic plasticity and white matter.4–7 Pre-
vious research suggests that cannabis consumption
during this vulnerable developmental phase can cause
persistent adverse effects. Long-term deficits in mem-
ory and changes in hippocampal function have been
reported in chronic teenage smokers.8–10 Other work
suggests deficits in the formation and recall of working
memory.11,12

Chronic cannabis use in adolescence correlates with
an increased risk for psychiatric disorders, including
schizophrenia and anxiety/depressive disorders.13

THC has also been shown to disrupt molecular and be-
havioral maturation in the central nervous system
(CNS) of adolescent rats.14 Characterizing molecular
changes within the adolescent brain from phytocanna-
binoid exposure may illuminate mechanisms behind
neurological dysfunction.

The endocannabinoid system (ECS) plays an impor-
tant role in neurodevelopment and synaptic plasticity.
It is centered around two key cannabinoid receptors,
cannabinoid type 1 receptor (CB1) and cannabinoid
type 2 receptor (CB2).

CB1 is a G protein-coupled receptor (GPCR) that is
highly expressed in the CNS; however, there is a dis-
crepancy in binding affinity and receptor distribution
across species, with human CB1 having a 50-fold higher
THC-binding affinity compared with rodent.15 CB1 has
been shown to modulate the release of neurotransmit-
ters in developing and mature glutamatergic and
GABAergic neurons.16 It is highly expressed in impor-
tant brain regions for high level cognition, including
the hippocampus, and is activated by THC to produce

its characteristic psychoactive effect. The ECS has been
shown to play a role in eating disorders, neurodegener-
ative disorders, anxiety, depression, pain, liver disease,
osteoporosis, cancer, and intestinal inflammation.17

The ECS also plays several key roles in pre- and post-
natal brain development.18

The CB2 is closely related to CB1. Early work sug-
gested that CB1 was expressed primarily in the CNS
and CB2 in the periphery. CB2 is highly expressed
within immune tissues such as the spleen and tonsil.
While the expression of CB2 in the brain is low com-
pared with CB1, and a complete understanding of the
cell types expressing CB2 remains unresolved, recent
evidence suggests that this receptor is expressed in
the subventricular zone,19 the hippocampus,20 as
well as other brain regions.20,21 The CB2 receptor is
expressed in the subgranular zone of the dentate
gyrus and plays a role in adult neurogenesis and dif-
ferentiation.20 Thus, the effects of THC and/or CBD
acting at CB2 receptors may affect adolescent neuro-
genesis and the molecules associated with it.

While the mechanistic and behavioral activity of THC
has been the subject of many studies, many questions re-
main on its impact on the developing adolescent brain.
The ECS regulates synaptogenesis and target selection,
and exogenous endocannabinoids such as THC can inter-
fere with these processes.22 CB1 receptors (CB1Rs) have
also been shown to transactivate extracellular signal-
regulated kinases 1 and 2, which play an important
role in neuronal development.23,24 Finally, CB1 activity
modulates TrkB-dependent interneuron migration dur-
ing corticogenesis, demonstrating that CB1 affects
brain-derived neurotrophic factor (BDNF) signaling.25

Mechanisms of CBD signaling are much less well
understood. Recent studies suggest that it is a negative
allosteric modulator for CB1

26–28 and CB2.28 Other stud-
ies implicate CBD activity at GPR55,29,30 5HT1a,30,31

Trp channels,30 and peroxisome proliferator-activated
receptors,30 among others. There is much interest in
CBD as a possible therapeutic agent.32

Neurotrophic factors drive neuronal development and
synaptic plasticity.33,34 BDNF is a homodimeric neurotro-
phin that plays a key role in both processes.35 BDNF is
active in the mesolimbic dopamine pathway and has
been implicated in learning and memory, as well as neu-
ropsychiatric disease.36 BDNF binds to the tropomyosin
receptor kinase B (also known as tyrosine receptor kinase
B or TrkB). TrkB regulates the Ras-PI3K-Akt pathway to
control cell growth and survival as well as the GRB2-Ras-
MAPK pathway to control neuronal differentiation.37,38
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Activation of TrkB promotes phospholipase Cc pathways
to regulate synaptic plasticity.39 TrkB is also involved in
transcriptional regulation via interactions with p21
(Cip21).40

There are 9 known exons and 11 known splice var-
iants for BDNF, with exon 9 being the common cod-
ing region. Exons I, IIB, IIC, IV, and VI are the major
splice variants.41 High levels of BDNF have been
reported in the hippocampus,42 with exons IV and
VI constitutively expressed in all principal hippocam-
pal neurons.41

The BDNF/TrkB and endocannabinoid systems are
linked. Treatment of CB1R + interneurons with the
CB1R agonist, anandamide (AEA) caused heterocom-
plex formation between CB1 and TrkB receptors.25

This work showed that endocannabinoids can transac-
tivate TrkB to stimulate migration and neurite develop-
ment of CCK + interneurons. However, prolonged
exposure inhibited the BDNF-induced extension and
branching of interneurons.25 Recent reports suggest
that treatment with phytocannabinoids alters BDNF
expression levels in rodents.43

In this work, we follow up these observations by fo-
cusing on changes to BDNF and TrkB expression in the
hippocampus of adolescent mice treated with phyto-
cannabinoids. We find that treatment during this
important period evokes differential expression of
BDNF within the dorsal hippocampus.

Materials and Methods
Subjects
CD1 mice (n = 84) were caged with same-sex litter-
mates under a 12/12-h light cycle. Food and water
were available ad libitum. All procedures were ap-
proved by the Indiana University Institutional
Animal Care and Use Committee.

Drug treatments
THC, CBD, or THC + CBD (1:1) were dissolved in
100% ethanol (6 mg/mL). Before dosing, drugs were
mixed into an injection solution (5% phytocannabi-
noid, 5% Kolliphor in 0.9% sodium chloride) to a
final concentration of 0.3 mg/mL. Mice received daily
intraperitoneal injections of 3 mg/kg from P28 to P49.

Tissue preparation
Brains were harvested and immediately flash-frozen
in 2-methylbutane. Tissue was stored at �80�C.
Frozen hippocampi were dissected as previously
described.44

Quantitative polymerase chain reaction
Primer sequences for BDNF splice variants were from
Fukuchi et al.45 Primers for TrkB were designed
using NCBI primer BLAST (www.ncbi.nlm.nih.gov/
tools/primer-blast), ordered from Integrated DNA
Technologies (Coralville, IA), and are as follows:

TrkB-S 5¢ CGT CAC TTC GCC AGC AGT AG 3¢
TrkB-AS 5¢ GGT AGC AGG ACA GTG CCG 3¢
RNA was processed for reverse transcription-

quantitative polymerase chain reaction (RTqPCR)
(TRIzol [cat no. 15596026; Thermo Fisher], RevertAid
[no. K1691; Thermo Fisher Scientific], SYBR green [no.
60082, Brilliant II; Agilent]) as per the manufacturer’s
instructions and analyzed using the ddCt method.

Protein analysis
Hippocampi were homogenized in RIPA buffer
(50 mM Tris, pH 8.0, 150 mM NaCl, 1% Tx-100,
0.1% SDS, 0.5% CHAPS, 1 · HALT [no. 78440;
Thermo Fisher Scientific]) and centrifuged. Superna-
tants were run on a 4–12% NuPage gel (no.
NP0323BOX; Thermo Fisher Scientific) and trans-
ferred to nitrocellulose. Protein was quantitated (no.
926-11011, Revert; Li-Cor), and blots were incubated
with primary antibodies (see Table 1) overnight at
4�C. They were then washed and incubated in second-
ary antibody for 1 h at room temperature. Finally, blots
were scanned on a Li-Cor Odyssey near-IR imager.
Band intensities were calculated using the ImageJ soft-
ware and normalized to total protein loaded.

Immunohistochemistry
To characterize changes within the adolescent hippocam-
pus with THC treatment, the dentate gyrus was analyzed.
This area contains a high level of BDNF and is also a re-
gion of neurogenesis. Mice were perfused with 4% para-
formaldehyde (PFA). Brains were incubated overnight
in 4% PFA at 4�C and then embedded in 30% sucrose
for 48 h at 4�C. They were then frozen in isopentane on
dry ice and stored at �80�C. Frozen brains were cut at
40 lm and were blocked with 5% normal donkey
serum and 0.3% Triton X-100 for 1 h and were then in-
cubated with primary antibody for 48 h at 4�C (see Table
1). They were then incubated in Alexa Fluor secondary
antibodies diluted 1:500 in blocking buffer overnight.

Sections were mounted on slides using Fluoromount-G
containing the nuclear stain 4¢,6-diamidino-2-
phenylindole (catalog no. 0100-20; SouthernBiotech).
Images were collected at 0.5 lm steps on a Nikon A1
confocal microscope (Northern Lights Imaging Center,
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Indiana University) using a 20 · lens. Camera and de-
vice settings were held constant across samples. Images
were processed using ImageJ. Background was sub-
tracted, and a maximum intensity z projection of five
continuous images was thresholded and integrated
intensity was measured.

Statistical analyses
Data manipulations and calculations were performed
using Excel (Microsoft, Redmond, WA). Graphing
and statistical analyses were done on Prism 7 software
(GraphPad Software, Inc., La Jolla, CA). Groups were
compared as described in figures.

Results
BDNF transcript expression in the brain
The expression of BDNF variants previously reported45

was confirmed in cerebellum and dorsal hippocam-
pus (Fig. 1A, B). The transcripts most prominently
expressed in both tissues were BDNF I, II, IV, VI, and
IX. A band for BDNF III was observed near the limit
of detection. BDNF V, VII, and VIII were not detected
in cerebellum (Fig. 1A). A similar pattern of expression
was observed for dorsal hippocampus (Fig. 1B). Ampli-
con sizes correspond with those expected for the respec-
tive BDNF variants.

FIG. 1. Detection of BDNF variants in mouse
brain. (A) Critical threshold was exceeded for
BDNF variants I, II, III, IV, VI, and IX. No signal
was detected for BDNF V, VII, or VIII (ND).
(B) Variants with the highest expression levels
were analyzed on a 3% agarose gel. Bands
corresponding to predicted sizes were observed
(BDNF II displays three bands as expected).
BDNF, brain-derived neurotrophic factor; ND,
not detected.
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Phytocannabinoid-induced changes
in BDNF/TrkB transcript levels
in the dorsal hippocampus
We assessed the effects of adolescent exposure to phyto-
cannabinoids on BDNF transcripts using RT-qPCR. In
males, THC exposure statistically significantly decreased
BDNF transcript expression in the dorsal hippocampus
(n = 4–5, p < 0.05–0.001; Fig. 2A, B, right). This was true
for all variants tested. A similar result was observed in
females for BDNF I (n = 5, p < 0.05; Fig. 2A, top left),
but not for the other transcripts tested. Interestingly,
these reductions were not observed when CBD was
co-administered. CBD treatment alone statistically sig-

nificantly increased expression of some variants, includ-
ing BDNF II, VI, and IX in females (n = 5, p < 0.05–0.01;
Fig. 2A, B, left) and BDNF VI in males (n = 5, p < 0.05;
Fig. 2B, top right). Treatment with phytocannabinoids
did not significantly change TrkB transcript expression
(n = 6; Fig. 2B, bottom).

Does phytocannabinoid treatment affect
expression of BDNF/TrkB protein
in the hippocampus?
Given that phytocannabinoid treatment altered expres-
sion of key BDNF transcripts, we examined BDNF and
TrkB protein levels to determine whether changes were

FIG. 2. Real-time quantitative polymerase chain reaction was used to determine transcript expression for
BDNF variants and the TrkB receptor in females (left) and males (right). (A) BDNF variants I, II, and IV. (B)
BDNF VI, IX, and the TrkB receptor. A one-way ANOVA with multiple comparisons and Tukey’s post hoc test
were used to determine differences with a p-value set to 0.05 (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001;
ns). The Grubbs test was used to remove single outliers, n = 4–6. Error bars represent 95% confidence
interval. ANOVA, analysis of variance; CBD, cannabidiol; ns, not significant; T/C, treatment with both THC
and CBD; THC, tetrahydrocannabinol; TrkB, tropomyosin receptor kinase B.
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detectable. We first assessed if our injection protocol
induced changes. No statistically significant differences
in protein levels for BDNF or TrkB were apparent for
vehicle-treated versus naive mice (n = 8–9; Fig. 3,
left). Similarly, none of the phytocannabinoid treat-
ments affected protein levels of either BDNF or
TrkB (n = 7–8; Fig. 3, middle graphs). The pro-
BDNF to mature BDNF ratio was also unchanged
(data not shown).

These observations suggest that there are no global
changes in BDNF or TrkB protein expression in the
hippocampus with moderate THC/CBD exposure dur-
ing the adolescent period.

A closer look
Using immunohistochemistry, we examined the dentate
gyrus in males (Fig. 4). This was done for both dorsal
and ventral regions. Again, no statistically significant

differences were detected in BDNF with THC treatment
(n = 8; Fig. 4B). Markers for BDNF activity, including
phosphorylated TrkB (Tyr816) and cAMP response
element-binding protein (CREB) (Ser133), also displayed
no change. A statistically significant reduction of the CB1

receptor was observed in the ventral dentate gyrus (n = 8,
p < 0.0001; Fig. 4B, bottom right, and Fig. 4C).

Phytocannabinoid treatment did not affect levels
of several synaptic markers in the dorsal
hippocampus of adolescent mice
To grossly determine the effects of adolescent phyto-
cannabinoid treatment on synapses, we used western
blotting of synaptic markers (n = 7–9; Fig. 5). Markers
examined included synaptobrevin as a measure of all
synaptic structures, vesicular GABA transporter
(VGAT) (vesicular inhibitory amino acid transporter
or Slc32a1) for inhibitory synapses, postsynaptic

FIG. 3. Quantitation of BDNF and TrkB receptor protein in the hippocampus using western blot analysis.
(A) BDNF analysis. (B) TrkB receptor western analysis. Comparison between NT and vehicle-treated mice for
BDNF and TrkB receptor (female and male data combined; left). Protein expression of treated female and
male mice relative to vehicle (middle graphs). Representative western blots and corresponding total protein
images for BDNF and TrkB (right). T/C stands for THC and CBD. A one-way ANOVA with multiple
comparisons and Tukey’s post hoc test were used to determine differences with a p-value set to 0.05 for
statistical significance. No differences were observed between groups, n = 7–8. Error bars represent 95%
confidence interval. NT, nontreated.
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density protein 95 for all excitatory synapses, and vesic-
ular glutamate transporter 2 (VGlut2 or Slc17a6) to
identify subcortical glutamatergic synapses. As shown
in Figure 5A–D, hippocampal expression of these
markers at the protein level was unchanged following
the various phytocannabinoid treatments.

Discussion
The consumption of cannabis has increased in recent
years following its legalization in many U.S. states.2,3

As a result, it has become increasingly important to un-
derstand molecular changes that may occur when indi-
viduals are exposed to cannabis during important
developmental periods. In this work, we have focused
on changes in hippocampal expression of a critical neu-
rotrophin, BDNF and its receptor, TrkB, following
phytocannabinoid exposure. Activation of TrkB by
BDNF is associated with neuronal proliferation, differ-
entiation, and survival. Cannabis-induced changes in

BDNF/TrkB expression, especially during develop-
mental periods, may affect neural circuitry and brain
function throughout life.

In the present study, mice were exposed to
3 mg/kg THC, CBD, or THC + CBD (1:1). This
dose of THC has been shown to induce working
memory deficits in rodents, which have long been
associated with reduced BDNF levels.46,47 This dos-
ing also results in blood plasma levels similar to
human chronic users,48 although it should be noted
that THC affinity for mouse CB1 is lower than
that for the human receptor. Mice were dosed from
P28 to P49 to capture early and mid-adolescence
in mice before their transition to adulthood (P49–
60).6 This age correlates with the time point in
humans that many adolescents first begin using
cannabis.49,50

The present work suggests that BDNF mRNA ex-
pression in the mouse hippocampus changes following

FIG. 4. Quantitation of BDNF, phospho-TrkB, phospho-CREB, and CB1 using immunohistochemistry.
(A) Representative images of dentate gyrus probed for expression of selected molecules: BDNF (left),
phosphorylated TrkB (Tyr816, middle left), total CREB (middle right), phospho-CREB (Ser133, right).
(B) Protein expression was measured within the dentate gyrus of dorsal and ventral hippocampi of treated
male mice. (C) Representative images of CB1 receptor expression in the ventral hippocampus of mice
treated with vehicle (left) versus THC (right). A one-way ANOVA with multiple comparisons and Tukey’s post
hoc test were used to determine differences, ****p < 0.0001. Each graph represents two dentate
gyrus/mouse, four mice total, n = 8. Error bars represent 95% confidence interval. CB1, cannabinoid type 1
receptor; CREB, cAMP response element-binding protein.
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FIG. 5. Measurement of changes in synaptic markers with phytocannabinoid treatments. (A–D) Expression
levels in hippocampi of treated females (left) and males (middle), with representative western blots on the
right. (A) Comparison of VGAT expression across treatment groups. (B) Expression levels for Syn, a calcium-
sensing protein in the presynapse. (C) PSD95 expression across treatment groups. (D) Comparison of VGlut2
across treatment groups. A one-way ANOVA with multiple comparisons and Tukey’s post hoc test was used
in analyses; n = 7–9. Error bars represent 95% confidence interval. VGAT, vesicular GABA transporter; PSD95,
postsynaptic density protein 95; Syn, synaptobrevin; VGlut2, vesicular glutamate transporter 2.
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exposure to phytocannabinoids during the adolescent
period. These changes are subtle and appear more ro-
bustly in adolescent males. Specifically, transcript ex-
pression of BDNF I, II, IV, VI, and IX in the dorsal
hippocampus of male adolescent mice exposed to
THC is reduced (Fig. 2A, B, right). This effect is pre-
vented when CBD is co-administered. This profile is
also seen for BDNF I in females (Fig. 2A, left). Surpris-
ingly, CBD by itself increased BDNF II VI, and IX in
females, and BDNF VI in males (Fig. 2A, B).

The expression levels of specific transcript variants
may indicate which cells or neural circuits are affected
by drug treatment. For instance, while BDNF IV and
VI are constitutively expressed in rat hippocampus
principal neurons, they can be localized to different den-
dritic compartments depending on neural activity.41,51

In a study by Chiaruttini et al., using in situ hybridiza-
tion, BDNF IV was restricted to the cell soma and
proximal dendrites, appearing only in the stratum pyra-
midalis in CA1 and CA3 and in the stratum granularis
in the dentate gyrus. BDNF VI was expressed through-
out the hippocampus and was localized primarily
in the soma. This changed following kainite- or
pilocarpine-induced epileptic seizures where the
BDNF VI signal extended to distal dendrites,41 sug-
gesting that this variant can be upregulated in distal
processes during intense synaptic activity. Other
work has shown that silencing BDNF IV in cultured
hippocampal neurons results in a reduction of proxi-
mal dendrites, whereas silencing BDNF VI alters distal
dendrite morphology.51 From this, it can be hypothe-
sized that the changes in BDNF transcript expression
with THC administration may reflect changes in
both proximal dendrite number, as well as distal den-
drite morphology in the hippocampus. However, this
could not be confirmed with the techniques used in
this study.

The changes in BDNF expression with CBD alone
and combined with THC provide insight into the po-
tential neurobiological effects of CBD on the dorsal
hippocampus. As CBD is a negative allosteric modula-
tor at CB1,26,27 it is possible that CBD reduces CB1

signaling in glutamatergic neurons within the hippo-
campus, leading to heightened glutamate release. The
increase in BDNF could be caused by a CBD-induced
increase in synaptic activity. We observed no changes
in protein with moderate phytocannabinoid treatment;
however, acute treatment of 10 mg/kg CBD has been
shown to increase BDNF protein in the hippocampus
of adult rats under stress.43 This CBD effect may orig-

inate from any combination of the 11 BDNF tran-
scripts found in mice. While BDNF IV and VI are
highly expressed in the adolescent mouse hippocam-
pus, all other transcripts tested are present.52 It is also
possible that the expression of variants not examined
here are significantly altered with CBD exposure dur-
ing the adolescent period.

CB1 and BDNF/TrkB have important roles in neuro-
development. CB1 is one of the most abundant GPCRs
in the brain, is highly expressed in growth cones, and
plays a key role in neurite growth, pathfinding, and re-
traction.53 Alteration of CB1 signaling during impor-
tant developmental periods may therefore lead to
profound downstream changes. Other groups have
reported changes in BDNF mRNA levels with acute54

and chronic55,56 THC exposure. However, these studies
involved older male animals. A study with a treatment
protocol similar to this work injected mice starting at
P56 with 3 mg/kg THC and detected no significant
change in BDNF using RT-qPCR.57 They observed a
THC-induced increase in BDNF promoter activity
using the same protocol in 1-year-old mice, supporting
the notion that the molecular response to phytocanna-
binoids changes as the brain matures. While BDNF/
TrkB are important molecules needed for the produc-
tion and maintenance of synapses, no changes to synap-
tic markers such as VGAT and VGlut2 were observed
(Fig. 5).

To further assess the neurological alterations follow-
ing adolescent endocannabinoid exposure, we analyzed
dorsal and ventral regions of the dentate gyrus for pro-
tein expression (Fig. 4). BDNF and phosphorylated
TrkB showed no differences in intensity between vehi-
cle and THC-treated mice (Fig. 4B). No changes were
observed in phosphorylated CREB. Interestingly, we
found a statistically significant decrease in CB1 receptor
density in the ventral dentate gyrus with THC treat-
ment (Fig. 4B); however, this decrease was not paral-
leled in the dorsal region. The decrease in CB1

receptor density following THC treatment could be at-
tributed to hyperactivity and receptor internalization.

There are likely different neurological changes be-
tween the sexes when it comes to cannabis use. We
detected differences in the expression of BDNF II, IV,
VI, and IX in females versus males treated with THC,
CBD, or THC/CBD (Fig. 2, left vs. right). Sex differ-
ences with exogenous cannabinoid exposure have
been demonstrated in several behavioral studies look-
ing at locomotion and object recognition.57,58 In this
work,57,58 female mice show increased locomotion
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and impaired object recognition, indicating that fe-
males may be more responsive to the effects of THC
within these paradigms. These findings highlight the
importance of investigating the neurological mecha-
nisms underlying sex differences with exogenous can-
nabinoid exposure.

The BDNF/TrkB pathway is important for the
growth and maintenance of neurons. This study has
found statistically significant changes in BDNF
mRNA expression in the hippocampus of adolescent
mice exposed to THC and CBD with some sex differ-
ences also noted. The direct links between the cannabi-
noid and neurotrophin pathways are unclear. Higher
resolution studies are needed to identify changes to
BDNF and TrkB expression within specific brain re-
gions as well as alterations in neural connectivity.
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BDNF¼ brain-derived neurotrophic factor
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CREB¼ cAMP response element-binding protein
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GPCR¼G protein-coupled receptor
ND¼ not detected
ns¼ not significant
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RTqPCR¼ reverse transcription quantitative
polymerase chain reaction
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THC¼ tetrahydrocannabinol
TrkB¼ tropomyosin receptor kinase B
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