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Abstract

The lateral habenula (LHb) integrates cortical and basal forebrain (BF) input to control monoaminergic
outflow and is implicated in depression, anxiety, impulsivity, and aversion. Although cannabis
withdrawal is associated with negative affect and heightened anxiety, LHb involvement is not
established. Here, effects of withdrawal from the psychoactive cannabis constituent A°-
tetrahydrocannabinol (A°>-THC) on LHb neurons were assessed with photometric calcium measurement
during fear conditioning and in vitro electrophysiology. LHb calcium signals were larger during
footshock, and presentation of a tone paired with footshock in A°>-THC withdrawn rats. Fear-induced
freezing to the tone was also larger during A>-THC withdrawal. Electrophysiology revealed larger LHb
excitatory-inhibitory (E-1) ratios during A°>-THC withdrawal, resulting from impaired synaptic GABA
release. Moreover, GABA release via optogenetic activation of BF-LHb inputs was impaired during A°-
THC withdrawal, whereas no changes occurred at ventral tegmental area-LHb inputs. Recovery of BF-
LHb GABA release and cannabinoid CB1 receptor desensitization were incomplete at 30 days of A°>-THC
withdrawal. The data show that LHb responsivity to primary aversive and conditioned stimuli are
increased during A%-THC withdrawal, and that this is likely mediated by altered E-I balance. We propose
negative affect experienced during cannabis withdrawal is related to LHb hypersensitivity to aversive

stimuli and this facilitates encoding of associated environmental cues.
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Introduction

Addictive drug use is thought to be initially driven by the desire to experience pleasurable effects that
include euphoria, elevated mood, and a general state of well-being, via interactions with brain reward
systems [1]. However, long-term drug use promotes adaptation of neural circuits leading to the
development of dependence that is manifest as a withdrawal state when drug use ceases. Withdrawal
from several drugs, including opioids, alcohol, psychostimulants, nicotine, and cannabis, is associated
with both physiological and psychological symptoms that include increased sensitivity to stress,
irritability, heightened anxiety, and a general negative dysphoric state [2]. Moreover, avoidance of
these negative withdrawal symptoms through continued use of the drug is considered a primary
obstacle to maintaining drug abstinence [1-4]. Efforts to identify brain regions involved in drug
dependence and negative withdrawal states have implicated the ventral striatum, extended amygdala,
periaqueductal gray, cingulate cortex and median raphe nucleus [2,5,6]. However, another brain
structure that is involved in processing aversion and negative emotional states, known as the lateral
habenula (LHb), has more recently been implicated [7-11].

Consistent with its role in processing negative affect, LHb neuronal activity increases in response
to situations and stimuli associated with negative outcomes, such as the absence of expected rewards
(reward prediction error, RPE) [12], or the presence of aversive stimuli. In contrast, LHb activity
decreases when unexpected rewards are received [13]. Importantly, LHb neuron activity is 180 degrees
out of phase with the activity of the midbrain dopamine (DA) neurons that encode reward [10,12].

LHb output neurons are largely glutamatergic [14-16], and evidence suggests that LHb
involvement in negative affective states is mediated through its control of monoaminergic neurons, such
as DA cells in the ventral midbrain and hindbrain serotonin (5-HT) cells that extensively innervate
forebrain areas [7,10,17,18]. Although direct connections between the LHb and these monoaminergic

regions exist [14,19], the inhibition of DA and 5-HT neurons by the LHb during negative affective states
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occurs via excitation of GABAergic rostromedial tegmentum (RMTg) neurons that target the
monoaminergic cells [19-25]. These studies, together with those showing that LHb neurons are sensitive
to opioids, cocaine, alcohol, nicotine and cannabinoids, has led to the hypothesis that changes in LHb
activity may underlie some acute aversive effects of these drugs, as well as the negative affective states
observed during withdrawal from long-term exposure [2,6,11,17,26-30].

Although strong evidence supports the idea that drug withdrawal is associated with negative
physiological and psychological states, only recently has cannabis use disorder (CUD) and the existence
of a cannabis withdrawal state been codified in humans in the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) [31,32]. Thus, cessation of long-term exposure to A°>-THC and other
cannabinoids results in behavioral withdrawal symptoms and changes in brain function similar to that
observed for other addictive drugs. For example, diminished forebrain DA function during drug
withdrawal is observed with opioids and cocaine, as well as cannabis [28,33-35]. More generally
however, the consequences of cannabis withdrawal on brain function is poorly understood compared to
that of other psychoactive drugs.

Recent studies demonstrate functional cannabinoid CB1Rs in the LHb, where they regulate
synaptic transmission and behavior [26,36-38]. Moreover, withdrawal from long-term A°-THC exposure
has recently been shown to reduce LHb neuron spontaneous firing, supporting the idea that the LHb and
its connections with other brain regions may be involved in behavioral changes seen during cannabis
withdrawal [28]. Despite these advances in our knowledge of the consequences of CUD and the
neurobiology of cannabis withdrawal, the mechanisms through which LHb function may be altered and
how this may modify behavior remain poorly understood. Here, we explore the hypothesis that synaptic
inputs controlling LHb neuron excitability are altered, and that this contributes to heightened neuronal

activity and behavioral responses to aversive stimuli during A>-THC withdrawal.
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Results
Increased footshock-evoked LHb neuron calcium signal during A°-THC withdrawal. To determine

whether the sensitivity of LHb neurons to aversive stimuli is altered during A>-THC withdrawal we used
in vivo fiber photometry to measure GCaMP8f-mediated calcium responses during Pavlovian fear
conditioning (FC). A mild footshock unconditioned stimulus (US, 0.5 sec, 0.6mA) was paired with an
auditory tone (CS) while GCaMP8f calcium responses were measured, beginning 2-d after drug or
vehicle withdrawal (Veh, Fig. 1A). FC (CS-US association) was conducted in 10, 20-sec trials (Fig. 1B-C)
on 2 consecutive days (FC1, FC2; Fig. 1A). Consistent with previous reports in naive rodents [39,40],
footshock was associated with a significant increase in LHb calcium signal in both treatment groups
during FC1 (Figs. 1B-D; 2-way ANOVA, Fq 170 = 8.67, p<0.0001, main effect of trial). However, the calcium
signal increase was significantly larger in the AS-THC withdrawal group (Fig. 1B-D, 2-way ANOVA, time x
treatment interaction, Fg 170 = 3.38, p=0.0009, and treatment main effect = F1,170 = 62.762, p < 0.0001),
with differences seen on trials 1-3,6-7 (p=0.0041, p<0.0001, p=0.021, p<0.0001, p=0.017, respectively,
Sidak's post-hoc). The groups did not differ upon US presentation during FC2 (Fig. 1E, top; treatment x
trial interaction, Fg 140 = 0.536, p = 0.847). The data suggests that the excitation of LHb neurons to US
presentation was greater in the A°>-THC withdrawal group during the first day of fear conditioning

compared to Veh controls.

Enhanced CS-evoked GCaMPS8f signal in the LHb during A°-THC withdrawal. Peak GCaMP8f signals
were also measured during 10 pairings of the CS tone with footshock during FC1 and FC2 in the Veh and
A°-THC withdrawal groups (Fig. 1B-E). GCaMP8f responses during the first 1 sec of CS were small or
absent on the first trials but progressively increased with additional CS-US pairings in both treatment
groups (Fig. 1B-E, FC1, trial main effect, Fo170 = 5.388, p<0.0001). Importantly, when collapsed across all
FC1 trials both groups showed significant increases in GCaMPS8f signal upon CS presentation (One

sample t-test versus no change, Veh = tg= 7.21, p<0.0001, A°>-THC =ty = 7.45, p<0.0001, S1A), indicating
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that the CS-US association was encoded by LHb neurons in both groups. Further analysis showed that
the CS GCaMP8f signal was significantly larger in the A°>-THC withdrawal group (Fig. S1B, collapsed across
all trials, unpaired t-test, t1s =2.21, p = 0.046; Fig. 1D, 2-way ANOVA, trial x treatment interaction, Fo, 170
=7.64, p < 0.0001), and post hoc analysis revealed differences on trials 4, 6, and 10 (Sidak's, p=.0056,
p<.0001, p=.031, respectively). Differences between groups were less apparent during FC2 (Fig. 1E) with
no significant trial x treatment interaction (Fy, 140 = 0.854, p = 0.568), but a significant treatment effect
was observed (F1, 140 = 4.19, p = 0.043). The results suggest that LHb neurons encode the association

between an aversive US and a neutral CS, and that this association is stronger during A>-THC withdrawal.

Extinction of LHb CS-evoked GCaMPSf signals during A°-THC withdrawal.
One day after FC2 extinction of the CS-US association was assessed across 2 daily sessions of 20 CS
presentations (Extl, Ext2), with 3 trials averaged into 6 trial blocks (Fig. 1A, 1F). The CS-associated
calcium signals decreased across Ext1-2 in both withdrawal groups (Ext 1, trial main effect, Fs 102 = 6.285,
p<0.0001, Fig. 1F-G), and there was a significant main effect of treatment (Fy,10 = 5.844, p=0.0174), but
no trial x treatment interaction during Ext1 (Fs 102 = 0.995, p = 0.425). During Ext2 a significant reduction
in GCaMP8&f signal across trials was observed (trial main effect, Fs 10, = 5.113, p=0.0003), and the calcium
signal was significantly smaller in the A’-THC withdrawal group on later extinction trials (Fig. 1G,
treatment main effect, F1102 = 3.95, p=0.0496; unpaired t-test, collapsed across all trials, t3s =2.247,p =
0.0305). However, the trial x treatment interaction was not significant for Ext2 (Fs 102 = 0.2044,
p=0.960). Thus, extinction of the CS-US association progressed over 2 sessions and there was a greater
response in the CS-evoked calcium signal during Ext1 in the A%-THC withdrawal group.

Seven days following Ext2, a CS probe test was conducted in a novel environment to measure
generalization to a separate context (Fig. 1A, 1H). The GCaMPS8s signal from A%-THC withdrawal animals

(12 days after drug cessation), were significantly larger than the Veh group (trial x treatment interaction,
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Fs.90 = 4.80, p=0.0006), with differences observed at the pooled trial block 1-3 (Fig. 1H, trials 1-3 pooled,

Sidak's post-hoc, p = 0.0007).

Increased freezing response to CS during A°-THC withdrawal during extinction.

Behavioral assessment of FC recall was conducted by presenting the CS in the absence of the US
following FC1-2 (Fig. 11-K). Although there was no significant interaction between withdrawal condition
(A°-THC or Veh) and trial (Fs13,=1.52, p=0.188) during Ext1, there were significant main effects of
treatment (Fs,13,=11.92, p=0.0007) and trial (Fs13,=2.82, p=0.019), with post hoc significance on trial
blocks 1-3, and 4-6 (Sidak’s; p = 0.0012, p = 0.0144, respectively), indicating more freezing during early
CS presentations in A°>-THC withdrawal rats, compared to Veh controls (Fig. 11). In contrast, during Ext2
there was no significant interaction between withdrawal conditions and trial (Fs13,=1.35, p=0.246), nor a
significant main effect of treatment (Fs13,=0.667, p=0.416; Fig. 11). However, there was a significant trial
main effect (Fs,132=4.04, p=0.0019), with post hoc significance detected at trial block 1-3 (p=0.010,
Sidak’s; Fig. 11), suggesting increased freezing in the A%-THC withdrawal group during the first trial block.
To assess fear generalization to another context, a probe test of CS presentations was performed 1 week
following Ext2 in a “novel environment” in which the floor of the operant chamber was covered with
smooth opaque Plexiglas. Although no significant trial x treatment interaction (Fs0=1.017, p=0.412),
nor significant main effects were observed, there was a trend toward increased freezing in the AS-THC

withdrawal group during trial blocks 1-3, and 4-6 (Fig. 1K).

LHb excitability is increased, and Inhibitory synaptic transmission impaired during withdrawal from A°-
THC. To determine a potential mechanism for the increased response of LHb neurons to aversive stimuli
during A°-THC withdrawal we used in vitro whole-cell electrophysiology in brain slices. Three groups of

rats were used; each received 14 daily i.p. injections of either Veh, A°-THC (5 mg/kg) alone, or the CB1R
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antagonist AM251 (1 mg/kg), followed 30 min later by injection of 5 mg/kg A°-THC (Veh, THC, THC+AM
groups). Twenty-four hours after the final injection, the synaptic and cellular properties of LHb neurons

were assessed.

Impaired synaptic inhibition of LHb during A°-THC withdrawal.

To determine effects of A>-THC withdrawal on the integration of excitatory and inhibitory inputs to LHb
neurons, we measured glutamatergic EPSCs and GABAergic IPSCs in cells from each of the three
treatment groups. Electrically-evoked IPSCs (elPSCs) were recorded at a holding potential (Vh) of 0 mV,
and electrically-evoked EPSCs (eEPSCs) at Vh =-70 mV, in the same LHb cells (Fig. 2B). Input-output (I-O)
curves plotting the relationship between stimulus intensity and synaptic response amplitude showed
that GABAergic elPSCs were significantly reduced across a range of stimulus intensities in the AS-THC
withdrawal group, compared to the Veh and AM251+THC groups (Fig. 2C, 2-way RM-ANOVA, stimulus
intensity x treatment interaction, Fsge12 = 4.255, p < 0.0001, treatment main effect, F,34 = 8.462, p =
0.0010). In contrast, glutamatergic eEPSCs did not differ among the 3 treatment conditions (Fig. 2D, 2-
way RM-ANOVA, stimulus x treatment interaction = Fsgg12 = 0.737, p = 0.871). To determine whether
the deficit in LHb inhibitory transmission during A°>-THC withdrawal resulted from diminished GABA
release probability, spontaneously occurring IPSCs (sIPSCs) were measured in LHb neurons from each of
the treatment groups. The frequency of sIPSCs was significantly lower in LHb neurons from AS-THC
withdrawal rats, and this was prevented by in vivo AM251 co-administration with the phytocannabinoid
(Fig. 2F-G, 1-way ANOVA, F,46 = 6.254, p = 0.0040, Tukey’s post-hoc test, A>-THC vs. Veh, p = 0.0101, Veh
vs. THC+AM, p = 0.983). In contrast, sIPSC amplitudes did not differ among the 3 treatment conditions
(Fig. 2H, 1-way ANOVA, F;, 46 = 0.28, p = 0.758). Spontaneous EPSCs from LHb neurons obtained from

rats in each of the 3 treatment groups were also measured, and neither sEPSC frequency nor amplitude
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differed among these groups (Fig. 21-K, 1-way ANOVA, sEPSC frequency, F2,30 = 0.3293, p =0.722; sEPSCs
amplitude, F2,30=1.13, p =0.336, n = 11 neurons in each group).

Another useful measure of altered synaptic integration that has translational value due to its use
in establishing baseline levels of excitability and their contribution to changes in circuit bias [41] is
known as the excitation/inhibition ratio (E-1). Therefore, we calculated E-I ratios from elPSCs and eEPSCs
recorded in the same neurons and observed roughly similar levels of LHb excitation and inhibition in the
Veh control group (E-I ratio = 1.0 + 0.2, n = 23 cells, Fig 2E). However, in neurons from in A>-THC
withdrawal rats, the E-I ratio showed a significant 5-fold increase (E-I ratio = 5.05 + 1.12, n = 33 cells; 1-
way ANOVA, F,,76 = 9.38, p = 0.0002, Fig. 2E), and this was prevented by AM251 pre-exposure in vivo (E-I
ratio = 0.787, £ 1.14, n = 23 cells, p = 0.984, Tukey’s post hoc, Fig. 2E). Therefore, collectively these data
show that that impaired GABAergic inhibition of the LHb during A°>-THC withdrawal was associated with

a large increase in excitability.

Basal forebrain inhibition of the LHb is selectively impaired during A°-THC withdrawal.

Inhibitory control of LHb neurons is largely derived from extrinsic afferents [42], and we recently
identified a GABAergic projection originating in the rostral ventral pallidum (VP) and caudal nucleus
accumbens shell (NAcs) of the basal forebrain (BF) that provides strong inhibition of LHb neurons and is
controlled by CB1Rs [26]. Previous studies also show that distinct afferents to LHb neurons are not
uniformly sensitive to CB1R activation [26,36], and that inhibition of LHb neurons derived from ventral
tegmental area (VTA) afferents is not altered by cannabinoids [26]. Therefore, to determine whether
the diminished GABAergic control of LHb neurons that was observed during A%-THC withdrawal requires
CB1R expression, we compared selectively activated BF and VTA inputs to the LHb during A%-THC
withdrawal. Separate groups of rats received injections of a channelrhodopsin-2 expressing virus (ChR2,

AAV5-hSyn-ChR2-eYFP) into either the BF or the VTA and approximately 6 weeks later underwent long-
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term treatment with Veh, A>-THC, or AM251+ A°-THC. Beginning at 24 hours of withdrawal from
treatment, photostimulated IPSCs (oIPSCs) were measured in LHb neuron in vitro. Input-output
relationships for olPSCs evoked from BF inputs showed that these synaptic currents were significantly
smaller in LHb neurons in the A°-THC withdrawal group, compared to the Veh, or THC+AM groups (Fig.
3B, 2-way ANOVA, treatment x laser (mW) interaction, Fig160 = 10.59, p < 0.0001). In contrast, Inhibitory
inputs to LHb from VTA were unaltered in the A>-THC and THC+AM withdrawal groups, compared to the
Veh controls (Fig. 3C, 2-way ANOVA, treatment x laser power interaction, Fig135s = 0.643, p = 0.775). To
determine whether the altered I-O relationship at BF to LHb inputs occurred via a presynaptic
mechanism, paired olPSC responses, evoked by 2 rapid photostimulations of ChR2 at several
interstimulus intervals (ISI) at both the BF and VTA projections were measured. The ratio of the first and
second olPSC amplitudes was then calculated (paired-pulse ratio, PPR = 0lPSC2/0lPSC1, Fig. 3D). Mean
PPRs evoked by BF afferent stimulation were less than unity in Veh withdrawal neurons, and this
measure was significantly larger than Veh in the A>-THC withdrawal group (Fig. 3D, 2-way RM-ANOVA,
ISI x treatment interaction, Fs 152 = 5.638, p < 0.0001), indicating a decrease in release probability.
Moreover, AM251 injection preceding A°-THC prevented the change in PPRs (Fig. 3D). In contrast to the
changes observed at BF inputs to LHb, PPRs were unaltered at GABAergic VTA inputs to LHb (Fig. 3E, 2-
way RM-ANOVA, ISI x treatment interaction, Fg 116 = 0.407, p = 0.915). Differences in release probability
are also observed at central synapses during sustained activation of afferents, and this is thought to be
relevant to information processing during neuronal oscillations within alpha and theta frequency bands
[43]. Therefore, we examined synaptic properties of VTA and BF inputs to LHb neurons during 10 Hz
(100 ms ISI) photostimulation and expressed the probability of GABA release as a ratio of olPSC
amplitudes evoked by light pulses 2-10 to those evoked by the first pulse (olPSC,/olPSC;, or P,/P; ratio,
Fig. 3F-G). A comparison between BF- and VTA-LHb inputs showed that baseline probability of GABA

release was higher at BF synapses (i.e. more depression of oIPSCs, compared to Veh withdrawal; Fig. 3F
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and G, two tailed t-test, t;s = 2.276, p = 0.036). Moreover, an increase in Pn/P1 ratio was observed at BF-
LHb synapses from A°-THC withdrawal rats (Fig. 3F, 2-way ANOVA, treatment x pulse number
interaction, Fig2ss = 5.70, p<0.0001), compared to no change in this measure at VTA-LHb synapses (Fig.
3G, 2-way ANOVA, treatment x pulse number interaction, Fig 234 = 1.35, p=0.161). This indicates that
GABA release probability is reduced during A>-THC withdrawal at BF, and not VTA inputs to LHb.

To determine the consequence of reduced inhibitory control during A%-THC withdrawal on LHb
neuron excitability, we examined the effect of photostimulation of BF or VTA afferent input to LHb on
the probability of action potential (AP) discharge in current clamp experiments (Fig. 3H-1). APs were
evoked by 1 sec, 200 pA, square pulses from the patch clamp electrode, either in the absence or
presence of 473nm photostimulation of BF or VTA afferents in each of the treatment groups (Fig. 3H-I).
Photostimulation of either BF or VTA LHb afferents significantly reduced the probability of AP discharge
elicited by the depolarization in cells from Veh withdrawal animals (Fig. 3H-l, one sample t-test, BF
input, t17 = 24.16, p < 0.0001; VTA input, t23 = 10.39, p < 0.0001). However, the suppression of AP
discharge probability by afferent activation was significantly reduced only at BF inputs to LHb neurons in
the A°-THC withdrawal subjects, and this was prevented by AM251 pretreatment in vivo (Fig. 3H-1, BF
afferents, 1-way ANOVA, F, 1 = 9.485, p=0.0003, Veh vs. A>-THC withdrawal, p = 0.0004, THC vs.
THC+AM, p = 0.0103, Tukey’s post-hoc; VTA afferents 1-way ANOVA, F,s; = 0.5390, p=0.587). These
results indicate that that A>-THC withdrawal is associated with a specific impairment of GABA release
from BF inputs to the LHb, that this requires CB1Rs, and that inhibitory VTA input to the LHb is
unaltered.

Time course of the impairment of BF inhibition of the LHb during A°-THC withdrawal. To determine the
duration of the impairment of BF inputs to LHb, we compared olPSC I-O relationships in LHb neurons at
1, 3, 7, 14, or 30 days of A%-THC withdrawal (Fig. 4B). The I-O curves measured at these withdrawal

points were significantly different from one another (Fig. 4B, 2-way RM ANOVA, light intensity vs.

11
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withdrawal day interaction Fzs 390 = 5.509, p<0.0001; withdrawal day main effect, Fs 75 = 7.322,
p<0.0001). Post-hoc (Dunnett’s) analysis indicated I-O curves significantly differed from Veh withdrawal
group at 1- and 3-days of A>-THC withdrawal (p = 0.01, and p = 0.039, respectively).

In contrast to the I-O curves of olPSCs evoked by single light pulses (Fig. 4B), the significant
increase in PPR seen in the A>-THC withdrawal group (Fig. 3D) did not completely reverse at up to 30
days of A-THC withdrawal (withdrawal day main effect, Fsgs = 2.96, p = 0.016), with significance
observed at the 50, 75 and 100 ms ISIs (Fig. 4C, Dunnett’s post-hoc, 30d A°-THC withdrawal compared to
Veh, p =0.0023, p =0.018, p = 0.016, respectively). Moreover, the deficit in GABA release was more
apparent during sustained activation of BF inputs at 10 Hz (Fig. 4D). A significant interaction between
the number of stimuli and the number of days of A>-THC withdrawal was observed (2-way RM-ANOVA,
Fas, 711 = 1.914, p=0.0004), as well as a significant main effect of withdrawal day (Fs 7o = 3.745, p=0.0043).
Moreover, this reduction in the probability of GABA release during 10 Hz photostimulation was
significantly smaller, compared to Veh withdrawal neurons, at 1d (THC-1d, Dunnett’s post-hoc, p =
0.0023), 3d (THC-3d, p = 0.00158), 7d (THC-7d, p = 0.0112), and 14d (THC-14dp = 0.0015) of A>-THC
withdrawal, but was not significant at the 30d withdrawal point (THC-30d, p = 0.160; Fig. 4D). These
results suggest GABA release probability is diminished at BF inputs to the LHb up to 30 days after AS-THC

withdrawal, and this is more evident during higher frequency synaptic activation.

Time course of CB1R desensitization at BF input to LHb during A°-THC withdrawal.

Our data indicate that GABA release is impaired at BF inputs to LHb during A>-THC withdrawal, and that
this is prevented by co-administration of A>-THC and AM251 in vivo, indicating that CB1Rs are necessary
for the impairment (Fig. 3). Therefore, we determined whether CB1R function was altered during A°-
THC withdrawal and measured the duration of these changes using a synthetic cannabinoid agonist.

After collecting baseline olPSCs evoked by photostimulation of BF afferents to LHb, the agonist WIN
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55,212-2 (WIN, 2 uM) was applied to brain slices obtained from rats at the A°>-THC withdrawal time
points described above, and the degree of olPSC inhibition was compared to that observed in the Veh-
1d withdrawal group (Fig. 4E-F). Consistent with results in drug-naive rats [26], the mean inhibition of
BF afferent-elicited oIPSCs by WIN was 41 + 3.2% in the Veh-1d withdrawal group (Fig. 4E-F). However,
in comparison to the Veh-1d group, the response to WIN was significantly smaller in neurons from A°-
THC withdrawal rats at all time points (Fig. 4F, 1-way ANOVA, Fs ¢ = 3.361, p < 0.0001; Dunnett’s post-
hoc, A°-THC withdrawal timepoints 1d-30d, P<0.0001. These data indicate that ability of CB1Rs to inhibit

GABA release is impaired for at least 30 days following A%-THC withdrawal.

Impaired CB1R control of LHb neuron excitability during A°-THC withdrawal

To determine how CB1R desensitization might alter cannabinoid control of LHb excitability during A°-
THC withdrawal, the effect of WIN application on the inhibition of AP firing probability caused by
photostimulation of BF afferents to LHb neurons in current clamp was examined (Fig. 4G-H). Similar to
data in Fig. 3F, BF afferent inhibition of AP firing was measured during depolarization of LHb neurons via
current injection, with and without photostimulation of BF axons (Fig. 4G). AP probability was then
calculated before, and during application of WIN (2uM) in cells from each of the 1-d withdrawal groups.
Photoactivation of BF inputs to LHb neurons from Veh-1d withdrawal rats reduced AP probability,
whereas AP discharge significantly increased during WIN application (Fig. 4G-H, 1-way ANOVA, Fs 46 =
7.682, p < 0.0001, p = 0.0046, Bonferroni). In contrast, in neurons from the THC-1d withdrawal group,
photoactivation of BF inputs reduced AP probability significantly less than that in the Veh-1d group (Fig.
4H, p = 0.0012, compared to control AP probability in Veh-1d group, Bonferroni). Additionally, WIN had
no effect on AP probability in cells from THC-1d withdrawal rats (p > 0.999, compared to control AP
probability in the THC-1d withdrawal group, Bonferroni), and AM251-co-treatment with in vivo A>-THC

injections prevented the loss of cannabinoid control of AP probability (Fig. 4H, p = 0.004, control AP
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probability vs AP probability during WIN application in the THC+AM-1d group, Bonferroni). These
results show that presynaptic CB1Rs inhibit GABA release to modulate the output of LHb neurons, and

that this inhibitory control is compromised during A>-THC withdrawal.

Passive and active LHb neuron membrane properties are unaltered during A°-THC withdrawal.
Potential changes in the intrinsic excitability of LHb neurons during A®-THC withdrawal was
assessed by examining differences in resting membrane potential (RMP), spontaneous action potential
(AP) firing pattern, and the relationship between membrane depolarization and AP discharge in current
clamp experiments (Fig. S2). There was no effect of treatment on the depolarization-AP relationships
(Fig. S2A, main effect, 2-way ANOVA, F;, 72 = 1.096, p = 0.3399). Similarly, mean LHb neuron RMPs,
measured immediately after patch rupture, did not differ among treatment groups (Fig. S2B (ANOVA, F;,
140 = 0.2903, p=0.7485). LHb neurons exhibit several distinct patterns of spontaneous action potential
discharge [44], and we examined potential changes in these patterns at 1d of A°>-THC withdrawal (Fig.
1C). Although fewer silent cells (no spontaneous APs immediately after whole-cell access), and more
bursting cells were observed in LHb after AS>-THC withdrawal, overall, there was no significant effect of
treatment on the pattern of spontaneous cell firing among the treatment groups (Fig. S1C, Chi-square
value =5.670, p = 0.1272). These data suggest that A’>-THC withdrawal was not associated with changes

in baseline passive and active membrane properties of LHb neurons.
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Discussion

Withdrawal from long-term use of many addictive drugs is associated with negative emotional
states that include dysphoria, increased anxiety, elevated responding to aversive stimuli, irritability and
increased stress responses [1]. Moreover, avoiding these withdrawal symptoms through continued drug
use impedes abstinence [1,45]. As the LHb encodes aversive states [9], can strongly inhibit DA neurons
when aversive stimuli are present or when expected rewards are not obtained [8], and because CB1Rs
are found within LHb circuits [26,37], we hypothesized that the LHb contributes to cannabis withdrawal-
associated negative affective states [46]. To evaluate this, we measured calcium responses with
GCaMPS8f to track LHb neuron excitability during FC in rats experiencing withdrawal from A°-THC. Our
main results are that the GCaMP8f signal recorded from LHb neurons during presentation of a primary
aversive stimulus (footshock, US) is significantly increased during A°-THC withdrawal, and this was
associated with significantly larger calcium signal increases during presentation of a CS (tone) that was
paired with the US. Therefore, the data suggest that an increase in LHb neuron responsivity to aversive
events facilitates their encoding of previously neutral environmental stimuli that are paired with the
aversive event. Additionally, the larger LHb calcium signals in A°>-THC withdrawal rats were also
associated with a significant increase in freezing behavior assessed during presentation of the CS during
extinction. In support of this behavioral observation, a significant increase in freezing to CS presentation
during withdrawal from A°-THC, administered through cannabis vapor exposure, has also recently been
reported [47]. Therefore, the increased response of LHb neurons to aversive stimuli, together with a
correlative increase in fear-related behavior, support the idea that the LHb may contribute to the
negative emotional state that is observed in humans during cannabis withdrawal.

To examine potential mechanisms for increased responsiveness of LHb neurons to aversive
stimuli during AS-THC withdrawal in vitro electrophysiological experiments were conducted. Consistent

with the increased LHb GCaMPS8f signals in vivo, the excitation-inhibition (E-I) ratios of LHb neurons were

15


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

significantly larger during A°>-THC withdrawal, indicating a shift toward enhanced LHb excitability.
Moreover, this shift in E-I balance resulted from reduced synaptic inhibition of LHb neurons, rather than
increased excitatory input, which was unchanged. As the increased LHb E-I ratio was prevented by in
vivo exposure to the CB1R antagonist AM251, prior to each A%-THC injection, the results indicate that
this impairment of inhibitory control involved CB1Rs. Although this represents the first demonstration
of increased LHb excitability after A>-THC exposure, a previous study has shown that mild traumatic
brain injury decreases GABA release and also shifts LHb E-I balance toward greater excitation [48], which
has been associated with motivational deficits, depression, and anxiety [7,48].

Prior studies from our lab and others show that LHb afferents are not uniformly sensitive to
CB1R activation. Of those tested, GABAergic inputs from the BF (VP, NAcs, horizontal diagonal band)
and lateral preoptic area (LPO) are inhibited, whereas those arising in VTA or entopeduncular nucleus
(EPN) are insensitive to cannabinoids [26,36]. Here we compared specific GABAergic inputs to LHb from
BF and VTA during A°-THC withdrawal using optogenetics and show that GABA release probability was
greatly reduced at BF-LHb synapses, whereas GABA release from VTA-LHb afferents was unaffected.
The synaptic impairment at BF-LHb GABAergic synapses following A%-THC withdrawal also significantly
reduced control of LHb neuron firing by these afferents. Therefore, collectively, the results suggest that
the GABA release deficit occurs only at CB1R-expressing axons and that the control of LHb excitatory
output by BF afferents is impaired during A’>-THC withdrawal.

A GABA release impairment has also been observed at EPN inputs to LHb during cocaine
withdrawal, resulting in increased LHb neuron excitability, as well as sensitivity to stress-induced
reinstatement of cocaine conditioned place preference [49]. Moreover, the GABA release impairment
was associated with decreased expression of the vesicular GABA transporter (VGAT), suggesting that this
caused reduced synaptic vesicle concentrations of GABA [49]. Although we did not examine VGAT

expression, it is possible that this may represent a common mechanism resulting in impaired control of
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LHb excitability by GABAergic inputs, as well as the changes in affect that are observed during drug
withdrawal.

Our timecourse experiments demonstrated that the impairment of BF-LHb synaptic inhibition
persisted for up to 30d following A%-THC withdrawal, and that the synaptic deficit was more apparent at
high frequency synaptic responses. Thus, whereas olPSCs evoked by single light pulses recovered
completely 3-7d after A>-THC withdrawal, oIPSCs evoked by paired- or 10 Hz-photostimulation were
elevated at 30d of withdrawal. These higher frequency photostimulations occur within the range of
alpha/theta band neuronal oscillations that are important for temporally binding activity across brain
regions during encoding of fearful and anxiogenic stimuli [50-52], and recent studies show that the
strength of these oscillations increases in mouse and human LHb in the presence of anxiogenic stimuli
[43,53]. Therefore, diminished GABA release probability at these frequencies might be expected to
contribute to altered processing of aversive stimuli during A°>-THC withdrawal. Thus, our findings show
that this inhibitory synaptic control of LHb neurons is dysregulated for an extended period following A%-
THC withdrawal, and that this may contribute to altered processing of emotional stimuli and enhanced
negative affect.

Our study also shows that the recovery timecourse of CB1R inhibition of GABA release parallels
that observed for recovery of GABA release probability at BF-LHb inputs. This similarity suggest that
perhaps that the stability of GABA release depends upon constitutive CB1R activity that is disrupted by
downregulation of CB1R function following repeated A°-THC exposure [54,55]. In support of this, there
is now evidence for tonic CB1R activation by endocannabinoids at both BF and LPO GABAergic inputs to
LHb [26,36]. Moreover, a recent study shows, through nanoscale CB1R localization in the hippocampus,
that an interaction between CB1R function and maintenance of GABA release probability exists and is
dependent upon the proximity of CB1R protein to axon terminal active zones, and that the proximity of

these sites is disrupted during A°-THC withdrawal [56]. Thus, tonic endocannabinoid activation of CB1Rs
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at axon terminals may contribute to maintaining the relationship between molecular components of
neurotransmitter exocytosis to promote synaptic homeostasis, and extended A°-THC exposure may
disrupt this arrangement.

Recently, withdrawal from long-term A%-THC was reported to decrease LHb neuron AP
frequency and change this firing pattern from tonic to phasic in urethane anesthetized rats [28].
Additionally, the acute inhibition of LHb neuron activity by i.v. A°>-THC in this preparation was unchanged
[28]. Although the exact reasons for the apparent inhibition of LHb neurons in this study, compared to
the enhanced excitability of these cells during withdrawal in our study are unknow, it is notable that we
measured LHb calcium signals, as a surrogate for excitability, in awake freely moving rats during
presentation of fearful stimuli. Thus, changes in spontaneous LHb neuron firing patterns observed
under anesthesia may not reflect that which occurs during presentation of aversive stimuli in awake
subjects where sensory input to the LHb is intact. Moreover, as the mechanism for inhibition of LHb
neuron firing by i.v. A>-THC was not identified in this study [28], it remains unclear as to why A°>-THC
sensitivity was unaltered during withdrawal.

Our present data support the idea that the LHb may mediate some of the aversive effects of A°-
THC withdrawal that include negative affect, enhanced irritability, and heightened responsiveness to
anxiety provoking stimuli [32,45,46]. Thus, GCaMP8f calcium signals are increased during presentation
of primary aversive stimuli, and this facilitates LHb neuron encoding of a previously neutral stimulus
during A°-THC withdrawal. At the local circuit level, we show that the LHb E-I balance is strongly shifted
to greater excitation and that this is a consequence of reduced probability of GABA release from
undefined GABAergic afferents, as well as those arising from BF. As increased LHb neuron excitability
contributes to depression [27,57-59], and aversion [10], it is likely that changes in LHb excitability during
A°-THC withdrawal will have implications for cannabis withdrawal and CUD in humans. Additionally, as

preclinical data indicate that non-selective inhibition of LHb neurons can reverse the deleterious effects
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of LHb neuron hyperexcitability on behavior [27,48], we propose that therapeutic interventions
designed to limit LHb excitability might be useful to treat several neuropsychiatric conditions including

those associated with drug withdrawal.

Methods

Subjects. Male and female Long-Evans rats (postnatal day 42-70), purchased from Charles River
Laboratories (Rockville, MD, USA) were used for behavioral experiments. For electrophysiological
studies male Long-Evans rats of the same age were used. Stereotactic injections of viral constructs were
performed at postnatal day 52-57, and in vitro electrophysiological experiments were conducted 7-8
weeks later. Animals were housed 2—4 per cage in a temperature and humidity-controlled facility, had
ad libitum access to food and water, and were housed under standard lighting conditions (lights on 0600
hr, off 1800 hr). All procedures were designed using the “Guide for the Care and Use of Laboratory
Animals” [60], and approved by the NIDA-IRP Animal Care and Use Committee. The NIDA-IRP animal
facility is accredited by Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International.

Surgery. Rats were initially anesthetized with isoflurane (4%, in 1 L/min 0,), and then placed the
stereotactic apparatus (Kopf Instruments), and the isoflurane concentration lowered to 1%-1.5% (0.2
L/min O,). Core temperature was maintained at 37°C using a heating pad. After all surgeries, incisions
were closed with absorbable sutures, topical antimicrobial cream was applied to surgical areas, body
temperature was maintained until recovery from anesthesia. Rats were injected with a nonsteroidal
anti-inflammatory (meloxicam, 1 mg/kg, s.c.), and then returned to their home cage. Weight and health
status were monitored for 3 days after surgery.

Viral construct injections. For electrophysiological experiments, a 10-ul Hamilton syringe with 35 gauge

needle, connected to a UltraMicroPump/SYS-Micro4 controller (WPI) was used to inject 0.7 pul of AAV5-
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hSynhChR2(H134R)-eYFP (5.2x10'2 virus molecules/ml, University of North Carolina Vector Core), at 100
nl/min, bilaterally into the BF (coordinates from bregma, midline, and level skull, in mm: AP: +1.6; ML: £
0.8; DV: -6.8), or medial VTA (AP: -5.4; ML: £ 0.2; DV: -8.2, 8° angle). For in vivo fiber photometry, 0.3 pl
of pGP-AAV-syn-jGCaMP8f-WPRE (GCaMP8f; Addgene, #162376) was infused at 150 pl/min into the
right hemisphere LHb (AP: -3.60, ML: + 0.60, DV: -5.2). The injection needle was left in place for 5 min
and slowly withdrawn to promote diffusion into tissue.

Optical fiber implants. Immediately after LHb GCaMP8f virus injection, 200 um core diameter optical
fibers (Optogenix, Arnesano, Leece, Italy or Thor Labs, USA) were stereotaxically placed using the same
LHb coordinates, with optical fiber tips lowered to 0.1 mm above the virus injection location (i.e., -5.1
mm), and anchored to the skull using 4-stainless steel screws and dental cement.

Behavioral procedures. Three weeks after surgery, rats were gently handled for 2-3 days, prior to LHb
GCaMP8f calcium signal testing. To confirm LHb calcium signal recordings, rats were placed in an
operant box (Med-Associates, Fairfax, VT), equipped with two cue lights, a white noise generator, a 2900
Hz tone generator, a house fan, digital video camera, and a false floor placed over an electrical grid of
stainless-steel rods. Two or three brief air puffs were then delivered through a plastic tube positioned
with the tip near the rat’s head. Using video monitoring of the rat’s position, air puffs were
implemented when the rat neared the plastic tube. Rats showing increased calcium signals in response
to air puffs were then randomly assigned to 1 of the 2 treatment groups. Those animals in which
acceptable GCaMP signals were not observed were also randomly assigned to treatment groups to be
included in the behavioral freezing analysis.

Fear conditioning, extinction and probe tests. Two days after the final drug or vehicle injections, rats
were individually placed in an operant chamber and connected to an optical fiber tether. After 3-5-
minutes of acclimation, the first of 10-fear conditioning (FC1) trials was initiated. Each trial consisted of

5 sec of baseline (Pre-CS), followed by 11 sec of CS (tone) presentation, with the last 0.5 sec of tone
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coinciding with a mild footshock (unconditioned stimulus, US; 0.65 mA) applied through the grid floor.
Each trial then continued for an additional 4 sec (20 sec total time), followed by a 60 sec inter-trial
interval, prior to beginning the next trial. This procedure was repeated for 10 trials the following day
(FC2). One day after FC2, the first of 20 extinction trials consisting of a 5 sec pre-CS period, 11 sec of CS
presentation alone, followed by the 4 sec post-CS period, and a 60 sec inter-trial interval was initiated
(Ext1). A second extinction session (Ext2) of 20 trials was conducted 1 day following Ext1. Seven days
after Ext2, a probe test consisting of 20 trials of CS alone was conducted in an operant chamber in which
the metal grid floor was covered by a smooth plexiglass floor that was painted black. Software (Med-PC)
was used to control timing of all behavioral events, and a 28V/+5V TTL adaptor (Med Associates) was
connected to the photometry system to mark event timing. For all behavioral experiments, digital video
and GCaMP8f calcium signals were recorded for each trial, and behavior later scored offline for time
spent freezing (the absence of movement) using the ANY-maze software (Stoelting, Wood Dale, Il, USA).
Fiber photometry procedures. GCaMP8f signals were collected using a commercially available fiber
photometry (FP) system (RZ10x, Tucker-Davis Technologies, Alachua, FL, USA). Two light-emitting
diodes (LED) were used; one at 465nm to excite GCaMP8f and one at 405nm (isosbestic control). The
timing and intensity of the LED outputs were controlled by the RZ10x system. LED light was filtered and
passed through several dichroic mirrors (Fluorescence MiniCube, Doric, Québec, Canada), attached to an
optical fiber (200 um, 0.39 NA, Thorlabs). The MiniCube was also used to direct GCaMP8f emission light
from optical fibers to the RZ10x photosensors. The timing and intensity of the light, and recordings of
fluorescence signals were set using Synapse software (Tucker-Davis Technologies), with LED intensity set
to 40 uW for each channel, measured using an on-board power meter. In order to minimize
autofluorescence, cables were photobleached each day prior to initiating recordings. The onset of
recording was set to begin 5 sec prior to presentation of a tone channeled through a speaker within the

operant chamber.

21


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Fiber photometry analysis. Fiber photometry data were analyzed off-line using the Photometry Modular
Analysis Tool (pMAT version 1.2: Bruno, et al. 5. Fluorescence from the signals and isosbestic channels
were acquired at 1017Hz via the TDT RZ10x processor. For analysis, peri-event fluorescence data were
collected beginning 5 sec before CS presentation at time = 0 sec and continuing for 4.5 sec after US
presentation at time = 10.5 sec (total acquisition time = 20 sec). The AF/F data were converted to z-
scores that were normalized to the signal mean and standard deviation during the first 5 sec of
recording, prior to CS presentation. Peri-event plots for the CS-US trials were then constructed around
CS presentation and collected for group analyses using z-score peri-event histograms generated by
pMAT. All measurements of time are shown relative to CS presentation. Pilot comparisons between
AF/F and z-score data showed no statistical differences in aggregate measurements. Therefore,
aggregate z-score data are presented for all comparisons of changes in GCaMP8f signal.

Brain slice preparation and electrophysiological recording. Brain slices containing the LHb were
prepared, and recordings from LHb neurons conducted, as described previously [26]. Unless otherwise
indicated, electrophysiological studies were conducted 1d after withdrawal from long-term AS-THC or
Veh treatment.

Drug Treatment. For behavioral experiments, rats were randomly assigned to 1 of 2 treatment
conditions. One group received intraperitoneal (i.p.) injections of A’-THC (5 mg/kg, emulsified in vehicle
consisting of 20% DMSO, 10% Tween80, 70% Saline) once per day for 14d, whereas the other group
received the same number of injections of vehicle (Veh) alone. This treatment with A’-THC in rodents
results in plasma levels that are similar to those reported for smoked cannabis humans [62,63]. For
electrophysiological studies, rats were randomly assigned to 1 of 3 treatment groups: 14d Veh alone
(Veh), 14d A°-THC alone (THC), or 14d of A°-THC, 30 min after i.p. injection of the CB1R antagonist,

AM251 (THC+AM).
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Histology. Localization of GCaMP8f-green fluorescent protein expression and optical fiber implants
were evaluated in frozen coronal sections of brain containing the LHb and surrounding regions. Rats
were anesthetized with Isoflurane, and transcardially perfused with phosphate-buffer (PB) and 4%
paraformaldehyde (PFA). After perfusion, the brain was removed and post-fixed in 4%PFA for 2 hr, then
transferred to 30% sucrose until fully submerged. The brain was then frozen in 2-methylbutane at -50°C
and stored at -80°C until further processing. Coronal sections (50 um) were cut using a cryostat (Leica
CM 3050S, Germany). Sections were then washed 3 x 10 min in PB, followed by incubation in blocking
solution containing 0.3 % Triton X-100 (T8787, Sigma, USA), 4 % bovine serum albumin (A9647, Sigma,
USA), and Sodium Azide (52002, Sigma, USA) for 1 hr at room temperature. After blocking sections were
incubated overnight at 4°C with a primary GFP antibody (mouse anti-GFP-632381, 1:1000, mouse,
Takara Bio, USA), diluted in blocking solution. Next, sections were washed with PB (3 x 10 min) and
incubated for 2 hr at room temperature with secondary antibody (Alexa Fluor 488, donkey anti-mouse,
715545151, Jackson Laboratories, USA). Sections were washed again with PB (3x10 minutes), mounted
on slides and counterstained with DAPI (DAPI Fluoromount, 1798424, Electron Microscopy Sciences,
USA). Images were then acquired and processed using a VS-200 scanner microscope (Olympus, Evident
Scientific, USA) and further analyzed by VS-200 desktop software (Version 4.2).

Data Analysis. In electrophysiology experiments, representative evoked traces of synaptic currents are
averages of 10 consecutive responses prepared using Clampfit (version 9, Molecular Devices, San Jose,
CA, USA), and representative spontaneous synaptic current traces are single 10 sec sweeps collected
with WIinEDR (v4.1.7., University of Strathclyde, Glasgow, UK). Data spreadsheets were constructed
using both GraphPad Prism (v10.4.2 Dotmatics, Boston, MA, USA) and Microsoft Excel.

Statistics. Statistical analyses were performed using GraphPad and data plotted as mean + standard
error of the mean (SEM). Statistical significance was determined using repeated measures (RM) mixed

model, 1-way, or 2-way ANOVA where appropriate. Multiple-comparison post hoc tests (Sidak's,
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Tukey’s, or Dunnett’s) were conducted only after significant ANOVA interaction, or main effect was
observed. In all cases, the minimum significance level was set at P<0.05 using a two-tailed criterion. For
statistical analyses in the electrophysiological experiments, “n” describes the number of neurons from
which recordings were made, although the number of rats (Nrats/Nneurons) is reported in the figure
captions.

Reagents. DL-AP5, 6,7-Dinitroquinoxaline-2,3-dione (DXQX), DL-2-Amino-5-phosphonopentanoic acid
(DL-AP5), (R)-(+)-WIN 55212, and AM251 were purchased from Tocris Bioscience (Bristol, UK). AS-THC
was obtained from the National Institute on Drug Abuse Drug Supply Program (Rockville, MD). Drugs in
electrophysiological experiments were dissolved in artificial cerebrospinal fluid (aCSF) and delivered to
brain slices via a gravity perfusion system. Drugs were prepared as stock solutions in H,O or DMSO and

Tween 80 and diluted to the indicated concentrations.

Data availability: All data generated or analyzed during this study are included in this article or its

supplementary files.

24


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

References

1 Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry analysis. The Lancet
Psychiatry. 2016;3(8):760-73.

2 Koob GF. Neurobiology of Opioid Addiction: Opponent Process, Hyperkatifeia, and Negative
Reinforcement. Biol Psychiatry. 2020;87(1):44-53.

3 Zehra A, Burns J, Liu CK, Manza P, Wiers CE, Volkow ND, et al. Cannabis Addiction and the Brain:
a Review. ] Neuroimmune Pharmacol. 2018;13(4):438-52.

4 Ozdemir D, Allain F, Kieffer BL, Darcq E. Advances in the characterization of negative affect
caused by acute and protracted opioid withdrawal using animal models. Neuropharmacology.
2023;232:109524.

5 Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology. 2010;35(1):217—-
38.
6 Mechling AE, Arefin T, Lee HL, Bienert T, Reisert M, Ben Hamida S, et al. Deletion of the mu

opioid receptor gene in mice reshapes the reward-aversion connectome. Proc Natl Acad SciU S
A.2016;113(41):11603-08.

7 Proulx CD, Hikosaka O, Malinow R. Reward processing by the lateral habenula in normal and
depressive behaviors. Nat Neurosci. 2014;17(9):1146-52.

8 Hikosaka O. The habenula: from stress evasion to value-based decision-making. Nat Rev
Neurosci. 2010;11(7):503-13.

9 Stamatakis AM, Stuber GD. Activation of lateral habenula inputs to the ventral midbrain
promotes behavioral avoidance. Nat Neurosci. 2012;15(8):1105-07.

10 Mondoloni S, Mameli M, Congiu M. Reward and aversion encoding in the lateral habenula for
innate and learned behaviours. Trans| Psychiatry. 2022;12(1):3.

11 Coffey KR, Nickelson WB, Dawkins AJ, Neumaier JF. Rapid appearance of negative emotion
during oral fentanyl self-administration in male and female rats. Addict Biol.
2023;28(12):e13344.

12 Matsumoto M, Hikosaka O. Lateral habenula as a source of negative reward signals in dopamine
neurons. Nature. 2007;447(7148):1111-15.

13 Matsumoto M, Hikosaka O. Representation of negative motivational value in the primate lateral
habenula. Nat Neurosci. 2009;12(1):77-84.

14 Omelchenko N, Bell R, Sesack SR. Lateral habenula projections to dopamine and GABA neurons
in the rat ventral tegmental area. European Journal of Neuroscience. 2009;30(7):1239-50.

25


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

15

16

17

18

19

20

21

22

23

24

25

26

27

28

105 and is also made available for use under a CCO license.

Geisler S, Derst C, Veh RW, Zahm DS. Glutamatergic Afferents of the Ventral Tegmental Area in
the Rat. Journal of Neuroscience. 2007;27(21):5730-43.

Aizawa H, Kobayashi M, Tanaka S, Fukai T, Okamoto H. Molecular characterization of the
subnuclei in rat habenula. J Comp Neurol. 2012;520(18):4051-66.

Jhou TC, Good CH, Rowley CS, Xu SP, Wang H, Burnham NW, et al. Cocaine drives aversive
conditioning via delayed activation of dopamine-responsive habenular and midbrain pathways. J
Neurosci. 2013;33(17):7501-12.

Coffey KR, Marx RG, Vo EK, Nair SG, Neumaier JF. Chemogenetic inhibition of lateral habenula
projections to the dorsal raphe nucleus reduces passive coping and perseverative reward
seeking in rats. Neuropsychopharmacology. 2020.

Metzger M, Souza R, Lima LB, Bueno D, Goncalves L, Sego C, et al. Habenular connections with
the dopaminergic and serotonergic system and their role in stress-related psychiatric disorders.
Eur J Neurosci. 2021;53(1):65-88.

Mondoloni S, Molina P, Lecca S, Wu CH, Michel L, Osypenko D, et al. Serotonin release in the
habenula during emotional contagion promotes resilience. Science. 2024;385(6713):1081-86.

Sego C, Goncalves L, Lima L, Furigo IC, Donato J, Jr., Metzger M. Lateral habenula and the
rostromedial tegmental nucleus innervate neurochemically distinct subdivisions of the dorsal
raphe nucleus in the rat. ] Comp Neurol. 2014;522(7):1454-84.

Jhou TC, Fields HL, Baxter MG, Saper CB, Holland PC. The Rostromedial Tegmental Nucleus
(RMTg), a GABAergic Afferent to Midbrain Dopamine Neurons, Encodes Aversive Stimuli and
Inhibits Motor Responses. Neuron. 2009;61(5):786—800.

Kaufling J, Veinante P, Pawlowski SA, Freund-Mercier MJ, Barrot M. Afferents to the GABAergic
tail of the ventral tegmental area in the rat. ] Comp Neurol. 2009;513(6):597-621.

Herkenham M, Nauta WIJH. Efferent connections of the habenular nuclei in the rat. The Journal
of Comparative Neurology. 1979;187(1):19-47.

Balcita-Pedicino JJ, Omelchenko N, Bell R, Sesack SR. The inhibitory influence of the lateral
habenula on midbrain dopamine cells: ultrastructural evidence for indirect mediation via the
rostromedial mesopontine tegmental nucleus. J Comp Neurol. 2011;519(6):1143-64.

Hwang EK, Zapata A, Hu V, Hoffman AF, Wang HL, Liu B, et al. Basal forebrain-lateral habenula
inputs and control of impulsive behavior. Neuropsychopharmacology. 2024;49(13):2060-68.

Clerke JA, Congiu M, Mameli M. Neuronal adaptations in the lateral habenula during drug
withdrawal: Preclinical evidence for addiction therapy. Neuropharmacology. 2021;192:108617.

Aroni S, Sagheddu C, Pistis M, Muntoni AL. Functional Adaptation in the Brain Habenulo-
Mesencephalic Pathway During Cannabinoid Withdrawal. Cells. 2024;13(21).

26


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

105 and is also made available for use under a CCO license.

Ren Z, Hou J, Li W, Tang Y, Wang M, Ding R, et al. LPA1 receptors in the lateral habenula regulate
negative affective states associated with alcohol withdrawal. Neuropsychopharmacology.
2023;48(11):1567-78.

Meye FJ, Trusel M, Soiza-Reilly M, Mameli M. Neural circuit adaptations during drug withdrawal
- Spotlight on the lateral habenula. Pharmacol Biochem Behav. 2017;162:87-93.

Livne O, Shmulewitz D, Lev-Ran S, Hasin DS. DSM-5 cannabis withdrawal syndrome:
Demographic and clinical correlates in U.S. adults. Drug Alcohol Depend. 2019;195:170-77.

Schlienz NJ, Budney AJ, Lee DC, Vandrey R. Cannabis Withdrawal: A Review of Neurobiological
Mechanisms and Sex Differences. Curr Addict Rep. 2017;4(2):75-81.

Diana M, Melis M, Muntoni AL, Gessa GL. Mesolimbic dopaminergic decline after cannabinoid
withdrawal. Proc Natl Acad Sci U S A. 1998;95(17):10269-73.

Ferland JN, Hurd YL. Deconstructing the neurobiology of cannabis use disorder. Nat Neurosci.
2020;23(5):600-10.

Volkow ND, Wang GJ, Telang F, Fowler JS, Alexoff D, Logan J, et al. Decreased dopamine brain
reactivity in marijuana abusers is associated with negative emotionality and addiction severity.
Proc Natl Acad Sci U S A. 2014;111(30):E3149-56.

Winters ND, Kondev V, Loomba N, Delpire E, Grueter BA, Patel S. Opposing retrograde and
astrocyte-dependent endocannabinoid signaling mechanisms regulate lateral habenula synaptic
transmission. Cell Rep. 2023;42(3):112159.

Berger AL, Henricks AM, Lugo JM, Wright HR, Warrick CR, Sticht MA, et al. The Lateral Habenula
Directs Coping Styles Under Conditions of Stress via Recruitment of the Endocannabinoid
System. Biological Psychiatry. 2018;84(8):611-23.

Zapata A, Lupica CR. Lateral habenula cannabinoid CB1 receptor involvement in drug-associated
impulsive behavior. Neuropharmacology. 2021;192:108604.

Lecca S, Meye FJ, Trusel M, Tchenio A, Harris J, Schwarz MK, et al. Aversive stimuli drive
hypothalamus-to-habenula excitation to promote escape behavior. elife. 2017;6:e30697.

Trusel M, Nuno-Perez A, Lecca S, Harada H, Lalive AL, Congiu M, et al. Punishment-Predictive
Cues Guide Avoidance through Potentiation of Hypothalamus-to-Habenula Synapses. Neuron.
2019;102(1):120-27.€4.

Sohal VS, Rubenstein JLR. Excitation-inhibition balance as a framework for investigating
mechanisms in neuropsychiatric disorders. Molecular Psychiatry. 2019;24(9):1248-57.

Webster JF, Vroman R, Balueva K, Wulff P, Sakata S, Wozny C. Disentangling neuronal inhibition
and inhibitory pathways in the lateral habenula. Sci Rep. 2020;10(1):8490.

Huang Y, Sun B, Debarros J, Zhang C, Zhan S, Li D, et al. Increased theta/alpha synchrony in the
habenula-prefrontal network with negative emotional stimuli in human patients. Elife. 2021;10.

27


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

105 and is also made available for use under a CCO license.

Weiss T, Veh RW. Morphological and electrophysiological characteristics of neurons within
identified subnuclei of the lateral habenula in rat brain slices. Neuroscience. 2011;172(0):74-93.

Hand LJ, Paterson LM, Lingford-Hughes AR. Re-evaluating our focus in addiction: emotional
dysregulation is a critical driver of relapse to drug use. Transl Psychiatry. 2024;14(1):467.

Haney M, Ward AS, Comer SD, Foltin RW, Fischman MW. Abstinence symptoms following
smoked marijuana in humans. Psychopharmacology (Berl). 1999;141(4):395—-404.

Lightfoot SHM, Nastase AS, Costa Lenz Cesar G, Hume C, Gom RC, Teskey GC, et al. Acute and
chronic cannabis vapor exposure produces immediate and delayed impacts on phases of fear
learning in a sex specific manner. Psychopharmacology (Berl). 2025.

Flerlage WJ, Langlois LD, Rusnak M, Simmons SC, Gouty S, Armstrong RC, et al. Involvement of
Lateral Habenula Dysfunction in Repetitive Mild Traumatic Brain Injury-Induced Motivational
Deficits. J Neurotrauma. 2023;40(1-2):125-40.

Meye FJ, Soiza-Reilly M, Smit T, Diana MA, Schwarz MK, Mameli M. Shifted pallidal co-release of
GABA and glutamate in habenula drives cocaine withdrawal and relapse. Nat Neurosci.
2016;19(8):1019-24.

Aizawa H, Yanagihara S, Kobayashi M, Niisato K, Takekawa T, Harukuni R, et al. The synchronous
activity of lateral habenular neurons is essential for regulating hippocampal theta oscillation. J
Neurosci. 2013;33(20):8909-21.

Adhikari A, Topiwala MA, Gordon JA. Synchronized activity between the ventral hippocampus
and the medial prefrontal cortex during anxiety. Neuron. 2010;65(2):257—-69.

Seidenbecher T, Laxmi TR, Stork O, Pape HC. Amygdalar and hippocampal theta rhythm
synchronization during fear memory retrieval. Science. 2003;301(5634):846-50.

Tan W, lkoma Y, Takahashi Y, Konno A, Hirai H, Hirase H, et al. Anxiety control by astrocytes in
the lateral habenula. Neurosci Res. 2024;205:1-15.

Sim-Selley LJ. Regulation of cannabinoid CB1 receptors in the central nervous system by chronic
cannabinoids. Crit Rev Neurobiol. 2003;15(2):91-119.

Dudok B, Barna L, Ledri M, Szab¢ SI, Szabadits E, Pintér B, et al. Cell-specific STORM super-
resolution imaging reveals nanoscale organization of cannabinoid signaling. Nature

Neuroscience. 2015;18(1):75-86.

Barti B, Dudok B, Kenesei K, Zoldi M, Miczan V, Balla GY, et al. Presynaptic nanoscale
components of retrograde synaptic signaling. Sci Adv. 2024;10(22):eado0077.

Li K, Zhou T, Liao L, Yang Z, Wong C, Henn F, et al. bCaMKII in lateral habenula mediates core
symptoms of depression. Science. 2013;341(6149):1016-20.

Li B, Piriz J, Mirrione M, Chung C, Proulx CD, Schulz D, et al. Synaptic potentiation onto habenula
neurons in the learned helplessness model of depression. Nature. 2011;470(7335):535—-39.

28


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

59

60

61

62

63

105 and is also made available for use under a CCO license.

Lecca S, Meye FJ, Mameli M. The lateral habenula in addiction and depression: an anatomical,
synaptic and behavioral overview. Eur J Neurosci. 2014;39(7):1170-8.

Council NR. Guide for the Care and Use of Laboratory Animals: Eighth Edition. The National
Academies Press: Washington, DC; 2011.

Bruno CA, O'Brien C, Bryant S, Mejaes JI, Estrin DJ, Pizzano C, et al. pMAT: An open-source
software suite for the analysis of fiber photometry data. Pharmacology Biochemistry and
Behavior. 2021;201:173093.

Hoffman AF, Oz M, Yang R, Lichtman AH, Lupica CR. Opposing actions of chronic D9-
tetrahydrocannabinol and cannabinoid antagonists on hippocampal long-term potentiation.
Learn Mem. 2007;14:63-74.

Heishman SJ, Huestis MA, Henningfield JE, Cone EJ. Acute and residual effects of marijuana:

profiles of plasma THC levels, physiological, subjective, and performance measures. Pharmacol
Biochem Behav. 1990;37(3):561-5.

29


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Figures

Figure 1: LHb GCaMPS8f fluorescence during fear conditioning (FC) and A°-THC or Veh withdrawal. A. Left:
Diagram of virus injection into LHb and in vivo fiber photometry setup. Center: Experimental timeline for
photometry and behavior. Right: Example histology of fiber placement in LHb and GCaMP8f expression. B. Mean
Z-score changes in GCaMP8f signals during trials 1, 5, and 10 of FC1, 2-d post Veh (left, n= 10) or A%-THC (right,
n = 10) withdrawal. Tone onset at time 0 sec, footshock application at 10.5-11 sec (shaded bar). C. FC1:
Heatmaps of mean GCaMPS8f Z-score changes across all trials during Veh (left, n=12) or A%-THC (right, n=7)
withdrawal (same timecourse as B). D. Top: GCaMP8f Z-score change during footshock (US) across 10 trials of
FC1 at 2-d withdrawal from A%-THC or Veh. Significant trial x treatment interaction (Fs170=3.38, p=0.0009);
differences at trials 1-3,6-7 (Sidak’s posthoc); significant main effects of trial (Fg170 = 8.67, p<0.0001) and
treatment (F1,170 = 62.76, p<0.0001). Bottom: Peak GCaMP8f Z-score during tone (CS), 0-1 sec window, during
FC1. Significant trial x treatment interaction (Fq 170 = 7.64, p<0.0001); differences at trials 4, 6, 10 (Sidak’s, ****=
p<.0001, **= p<.01, *=p<.05). E. FC2: Top, peak GCaMP8f z-score to US. No significant interaction (F,140= 0.536,
p = 0.847) or main effects. Bottom: CS responses, no significant interaction (Fs,140= 0.854, p = 0.568); significant
treatment effect (Fs,140 = 4.19, p = 0.043). F. Extinction 1 (Extl1): Peak GCaMP8f Z-score during CS. No trial x
treatment interaction (Fs 102 = 0.995, p = 0.425); significant trial (Fs10,=6.29, p<0.0001) and treatment main
effects (F1,102=5.84, p=0.017). G. Ext2: GCaMP8f Z-score. No significant trial x treatment interaction (Fs,102 =0.20,
p=0.096), significant trial (Fs102=5.11, p=0.0003) and treatment (F1,10,=3.95, p=0.0496) main effects. H. Probe
test (1-week post-Ext2): Significant trial x treatment interaction (Fsq =4.80, p=0.0006); Significant GCaMP8f
increase on trials 1-3 (p=0.0007, Sidak’s). I. Ext1: Time spent immobile (freezing) during presentation of CS. No
significant trial x treatment interaction (Fs:32=1.52, p=0.188), significant trial (Fs13,=2.82, p=0.019) and
treatment (Fs,13,=11.92, p=0.0007) main effects. Differences at trials 1-3, and 4-6, p=0.0012 and 0.0144, Sidak’s
(n=11, 13, THC, Veh). J. Ext2: Freezing to CS. No significant trial x treatment interaction (Fs,13,=1.35, p=0.246),
significant trial main effect (Fs 13,=4.04, p=0.0019), no significant treatment main effect (Fs,13,=0.667, p=0.416).
Difference at trials 1-3, p=0.010, Sidak’s. K. Probe extinction test: Freezing to CS. No significant trial x treatment
interaction (Fs,90=1.017, p=0.412), no significant main effects (n=10, 7, Veh, THC, respectively). D-K: Legends
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Figure 2. Disruption of E-l balance of synaptic input to LHb neurons during A>-THC withdrawal. A.
Experimental timeline. B. Averaged electrically-evoked elPSCs (blue, Vh =0 mV) and eEPSCs (black, Vh
=—-70 mV) recorded simultaneously from LHb neurons in rats withdrawn from Veh, THC, or THC+AM
treatments. C. elPSC I-O curves show reduced inhibition during THC withdrawal, prevented by AM251
co-treatment. D. No treatment effect on eEPSC I-O curves. E. THC withdrawal increased the E-I ratio
(eEPSC/elPSC), blocked by AM251 (log y-axis). F. Representative sIPSC sweeps. G. THC withdrawal
decreased sIPSC frequency (p = .010 vs. Veh, Dunnett’s post-hoc), reversed by AM251. H. No change
in sIPSC amplitude. I. Representative sEPSC sweeps. J-K. No differences in sEPSC frequency or
amplitude. number rats/number neurons: C-D: 4/9 (Veh), 5/15 (THC), 5/13 (THC+AM); E: 7/23, 8/34,
7/23; G-H: 6/17,6/22, 5/10; J-K: all groups 4/11.
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Figure 3. A%-THC withdrawal alters BF— but not VTA-driven synaptic inhibition of LHb neurons.
A. Experimental timeline. B-C. I-O curves and averaged olPSCs from BF (B) and VTA (C) inputs show
reduced BF olPSCs during A°-THC withdrawal, reversed by AM251; no change at VTA inputs. D-E.
Paired-pulse ratios (PPRs) across interstimulus intervals. PPR was increased at BF inputs after THC
withdrawal (p < 0.0001), indicating decreased release probability; unchanged at VTA inputs. AM251
co-treatment normalized BF PPR. F-G. 10 Hz photostimulation revealed reduced short-term synaptic
depression at BF inputs during THC withdrawal (F), but not at VTA inputs (G). BF inputs showed
greater depression than VTA under control conditions (p = 0.036), suggesting higher release
probability. H-I. Current clamp recordings of action potentials (APs) in LHb neurons during current
injection with/without photostimulation of BF (H) or VTA (I) inputs. THC withdrawal reduced BF-
mediated AP suppression (p = 0.0003), restored by AM251; no effect on VTA-driven AP suppression.
number rats/number neurons: B: 5/12 (Veh), 5/15 (THC), 4/8 (THC+AM); C: 4/9, 5/12, 5/9; D: 6/17,
6/17, 4/7; E: 6/12, 6/12, 5/11; F: 6/11, 7/15, 4/7; G: 6/13, 6/15, 4/7; H: 6/18, 8/27, 6/19; |: 7/24,
7/23, 4/7.

32


https://doi.org/10.1101/2025.11.24.690244

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.24.690244; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Figure 4. Time course of impaired BF-LHb GABAergic transmission and CB1R desensitization during A°-THC
withdrawal.

A. Experimental timeline. B. 1-O curves of photostimulated BF olPSCs at different days of A>-THC or Veh withdrawal
show reduced inhibition at 1- and 3-days post-withdrawal (vs. Veh-1d; p = 0.01, 0.039, Dunnett post hoc). C. PPRs
significantly increased at 50, 75, and 100 ms ISls, at 30d of A%-THC withdrawal, compared Veh-1d shows enduring
synaptic impairment. D. 10 Hz photostimulation-induced synaptic depression was reduced at all withdrawal time
points except 30d. olPSCs evoked by pulses 2-10 are expressed as a proportion of olPSC evoked by the first stimulus.
E-F. CB1R agonist (WIN, 2 uM) inhibition of BF olPSCs was diminished throughout 1-30d of A%-THC withdrawal (p <
0.0001). G. Current clamp recordings show reduced BF-mediated inhibition of LHb APs at 1d A°>-THC withdrawal, and
loss of WIN effect; AM251 co-treatment restored both. Waveforms show APs evoked by 200 pA, depolarizing current
pulses in the absence of BF axon photostimulation (gray waveforms), and during photostimulation (blue dots), in
neurons from the Veh-1d (black waveforms), A%>-THC-1d (green waveforms) and THC+AM-1d (red waveforms) groups,
before (Control, Con) and during WIN (2uM) application. H. Summary of AP probability showing a significant basal
increase in the A>-THC-Con withdrawal group, compared to Veh-Con group (p = 0.0012, Bonferroni post-hoc), and the
loss of WIN-induced increase in AP probability in the A%-THC withdrawal neurons. Note that the change in AP
probability was prevented by in vivo treatment with AM251. p values from Bonferroni post-hoc comparisons following
a significant (1-way ANOVA (Fs4¢) = 7.682, p<0.0001). number rats/number neurons: B-D: Veh-1d: 5/10-15, THC-1d:
4/14-17, THC-3d: 4/14-15, THC-7d: 4/15, THC-14d: 4/15, THC-30d: 4/14-15; E-F: Veh-1d: 4/9, THC-1d: 4/12, THC-3d:
4/10, THC-7d: 4/11, THC-14d: 4/12, THC-30d: 4/11; H: Veh: 6/18, THC: 8/27, THC+AM: 6/19.
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Supplemental Figure 1. Mean LHb GCaMP8f responses to CS during FC1 pooled across trials 1-10 in Veh
and A-THC withdrawn rats. All data are from those shown for each trial in Fig. 1D (bottom panel). A.
Results of 1 sample t-test showing a significant increase in GCaMP8f signal z-score to the CS during CS-US
pairings. B. Results of unpaired t-test showing a significant increase in GCaMP8f signal in the AS-THC
withdrawal group (n’s: Veh = 12, AS-THC = 7).
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Supplemental Figure 2. No change in active or passive membrane properties of LHb neurons at 1d A°-
THC withdrawal. A. Unaltered relationship between injected current amplitude and AP number in all 1-d
withdrawal treatment groups. B. No change in resting membrane potential across all withdrawal
treatment groups. C. No change in spontaneous firing patterns of LHb neurons during withdrawal from
all treatment conditions in vitro (X2 = 5.70, p = 0.1272. Nrats/Nneurons: A-B, Veh = 10/47, THC = 11/49,
THC+AM = 10/47.
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