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Habenular Tcf712 links nicotine addiction to diabetes
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Abstract

Diabetes is far more prevalent in smokers than non-smokers, but little is known about underlying
mechanisms of vulnerability. Here, we show that the diabetes-associated gene 7¢f7/2is densely
expressed in the medial habenula (mHb), where it regulates the function of nicotinic acetylcholine
receptors. Inhibition of Tcf712 signaling in the mHb increases nicotine intake in mice and rats.
Nicotine elevates blood glucose levels through a Tcf712-dependent stimulatory action on the mHb.
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Virus tracing identifies a polysynaptic connection from the mHb to the pancreas, and wild-type
rats with a history of nicotine consumption show elevated circulating levels of glucagon and
insulin and diabetes-like dysregulation of blood glucose homeostasis. In contrast, 7¢f7/2™ rats
are resistant to these actions of nicotine. Our findings suggest that Tcf712 regulates the stimulatory
actions of nicotine on a habenula-pancreas axis that links the addictive properties of nicotine to its
diabetes-promoting actions.

Nicotine is the major reinforcing component of tobacco responsible for addiction in cigarette
smokers 1. The stimulatory action of nicotine on dopamine neurons in the ventral tegmental
area (VTA) is considered necessary and sufficient for the rewarding effects of the drug

that motivate smoking behavior 2. Nicotine also activates cholinergic neurons in the medial
habenula (mHb) that project to the interpeduncular nucleus (IPn), which elicits noxious
responses to nicotine 3. Mechanisms that regulate the stimulatory actions of nicotine on
mHb neurons remain poorly understood 4. This is important because sensitivity to the
noxious effects of nicotine plays a crucial role in determining the likelihood of progressing
from initial to habitual tobacco use and, once the habit is established, the amounts of tobacco
that are consumed 4. Recently nicotine was shown to activate neurons in the hindbrain

that synthesize glucagon-like peptide-1 (GLP-1) ®. These hindbrain neurons project to the
IPn, where locally released GLP-1 enhances mHb-derived excitatory transmission °. This
action abolishes nicotine reward and promotes nicotine avoidance behaviors °. Transcription
factor 7-like 2 (Tcf712) is considered a core component of the GLP-1 signaling cascade in
pancreatic B cells and in other tissues 6, but little is known about the function of Tcf7I2 in
the brain. Tcf712 is expressed in all major tissues involved in glycemic control, including the
pancreas and liver 7, and allelic variation in 7CF7L2is amongst the most strongly associated
and best replicated genetic risk factors for type 2 diabetes (T2D) &°. Notably, nicotine
contained in cigarettes can stimulate increases in blood glucose levels 1911, and habitual
tobacco smoking dramatically increases the risk of type 2 diabetes (T2D) 1213, Remarkably
little is known about how nicotine increases blood glucose or the relevance of this action to
either the persistence of the smoking habit or the pathophysiology of diabetes in smokers.
Here, we investigated the role of Tcf712 in regulating the motivational properties of nicotine
and explored the link between habenular Tcf712 activity and the diabetes-promoting actions
of nicotine.

Habenular Tcf712 regulates nicotine intake

Cholinergic neurons in the mHb co-release glutamate, are the major source of excitatory
transmission in the 1Pn, and play a key role in controlling nicotine intake >14. Using
Translating Ribosome Affinity Purification (TRAP) data collected from the mHb of
ChATPWI67 TRAP mice 15, we found that 7¢£7/2transcripts were highly enriched in mHb
cholinergic neurons (Fig. 1a,b), and were 4—6-fold higher in the mHb than the striatum,
frontal cortex or hippocampus 1617 (Fig. 1c). Tcf712 protein was also densely expressed

in the mHb compared with surrounding brain regions in ChAT-td7om mice (Fig. 1d), in
which the fluorescent reporter tdTomato is expressed in mHb cholinergic neurons. Tcf712
immunofluorescence colocalized with fad7om-positive and td7om-negative cells in the mHb
(Fig. 1d), suggesting that Tcf712 is expressed by both cholinergic and non-cholinergic
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cells. Robust p-galactosidase (B-gal) activity was detected in the mHb of BAT-GAL mice,
in which B-gal expression is controlled by Tcf712 (Fig. 1e). Hence, Tcf712 is robustly
expressed and functionally active in habenular cholinergic neurons that regulate nicotine
intake 514,

Next, we investigated the role for Tcf712 in regulating the motivational properties of
nicotine. Mice with a null mutation in 7¢c#7/2 ( Tcf7/277) die during the early postnatal
period 1819, Therefore, we generated a line of 7¢f7/2 mutant ( 7cf7/2™) rats using zinc
finger nucleases (SS- Tcf7/2émIMewi: RGD |D: 5509993) 20. Specifically, we deleted the
B-catenin binding domain of the rat 7¢f7/2 gene (Extended data 1 and Methods), a site
critical for stimulating its transcriptional activity 21 (Fig. 1f). 7cf7/2™/ rats survived to
adulthood, showed no obvious deleterious health effects, and did not have broad structural or
functional abnormalities in the mHb-1Pn circuit (Extended data 1). 7¢f7/2™/ rats responded
far more vigorously than 7¢f7/2%7 rats for intravenous nicotine infusions (0.03-0.18 mg
kg~1 per infusion) (Fig. 1g). 7cf7I2W7 rats titrated their responding to earn a maximum

of ~0.6 mg kg1 during the 1 h sessions (Fig. 1h), whereas 7cf7/2™ rats showed far

less restraint over their intake (Fig. 1h), and their intake progressively increased across
sessions (Extended data 1). 7cf7/2™ and Tcf7/2W7 rats responded at similar rates for

food reinforcers (45 mg pellets) (Fig. 1i), and behaved similarly in an open field arena

after acute nicotine injection (0.4 mg kg™1) (Extended data 1). These findings suggest that
Tcf712 deficiency increases nicotine intake and this effect is not secondary to alterations in
behavioral or motor performance.

Next, we used the CRISPR/Cas9 system to investigate the role for Tcf712 in the mHb

in regulating nicotine intake. We delivered an adeno-associated virus to express a short
guide RNA that cleaves mouse 7¢f7/2 DNA (AAV-sgRNA- Tcf7/2; Extended data 2) or

a control virus (AAV-sgRNA-eGFP), along with an AAV to express Cre recombinase
(AAV2-hSYN1-/Cre), into the mHb of Rosa26-5L-5pCas9-eGEP mice, which express Cas9

in a Cre-dependent manner (Fig. 2¢,d; Extended data 2). Rosa26-SL-5pCas9-€GFP mice treated
with AAV-sgRNA- 7¢f7/2 self-administered far greater quantities of nicotine than those
treated with AAV-sgRNA-eGFP (Fig. 2e,f; Extended data 2), whereas their responding for
food rewards (25 mg pellets) was similar (Fig. 2g). siRNA-mediated knockdown of Tcf712
transcripts in the mHb also increased nicotine intake in rats (Fig. 2h,i,j). In addition to

being a core component of the GLP-1 signaling cascade, Tcf7I12 is also activated by Wnt
glycoproteins 22 and insulin 23. Infusion of the GLP-1 receptor agonist exendin-4 (Ex-4;
12.5-100 ng) into the mHb reduced nicotine intake (Extended data 2). By contrast, mHb
infusion of Dickkopf-related protein 1 (rDKKZ; 100 ng), a secreted endogenous inhibitor of
Wht signaling, XAV939 (12.5 ng), a small molecule inhibitor of Wnt signaling, 24, or insulin
(30 nM), did not alter nicotine intake (Extended data 2). These data establish a key role for
habenular Tcf712 in controlling nicotine intake and suggest that GLP-1 is likely to regulate
habenular Tcf712 activity.

Tcf712 regulates nAChR function in habenular neurons

Next, we investigated the mechanisms by which Tcf712 acts in the mHb to control
nicotine intake. Nicotine increased the frequency but not the amplitude of spontaneous
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excitatory post-synaptic currents (SEPSCs) in IPn neurons when applied to the mHb in
slices from 7cf7/2%7 rats (Fig. 2m,n,0) 2°. This effect was almost completely absent

in Tcf7I2™ 1 rats (Fig. 2m,n), suggesting that Tcf712 regulates the ability of nicotine to
activate the mHb-IPn circuit. Nicotine had no effects on the transcriptional activity of
Tcf712, or the activation status of its transactivator p-catenin, in rat PC12 cells (Extended
data 3). Similarly, nicotine (0.125-1 mg kg™1) did not alter Tcf7I2 activity in the mHb

of BAT-GAL mice, nor did nicotine self-administration (0.18 mg kg~ per infusion) alter
habenular Tcf712 levels in rats (Extended data 3; Supplementary Fig. 1). Hence, nicotine

is unlikely to stimulate excitatory transmission in the IPn through a mechanism involving
Tcf712 activation. Increases in intracellular calcium levels [Ca2*], evoked by nicotine in
HEK cells that stably express a4p2a5 nAChRs, considered one of the major subtypes of
nAChRs in the mHb-IPn circuit 26, were attenuated by siRNA-mediated knockdown Tcf712
(Extended data 3). Furthermore, acetylcholine-evoked increases in radiolabeled rubidium
(88Rb™) efflux, considered a measure of presynaptic NAChR function 3, were attenuated

in synaptosomes from the IPn of 7cf7/2™/ rats compared with 7cf7/2W7 rats (Extended
data 3). This suggests that Tcf712 regulates the function of habenular nAChRs. To directly
investigate this possibility, we pharmacologically isolated nAChR currents in mHb neurons
from Tcf7/I2%7 and Tef7I2™ rats. The magnitude of nAChR currents evoked by low
frequency pressure-application of nicotine (30 uM; pulsed at 0.1 Hz; Fig. 3a), was similar
in mHb neurons from 7cf7/2%7 and Tcf7/2M ! rats (Fig. 3b,c; Extended data 3). Habenular
nAChRs desensitized with the same temporal dynamics in 7¢cf7/2W7 and Tcf7/2™ rats
when the frequency of nicotine pulses was increased (0.1 to 1 Hz) (Fig. 3b; Extended data
3). Strikingly, NAChR currents rapidly recovered in mHb neurons from 7¢f7/2W7 rats when
the frequency of nicotine application was decreased (1 to 0.1 Hz), whereas nAChR currents
failed to recover in Tcf7/2™ rats (Fig. 3b,c). These findings reveal a crucial role for Tcf712
in regulating the function of habenular nAChRs by regulating their capacity to recover from
nicotine-induced desensitization.

Tcf712 regulates cAMP signaling in the habenula to control nAChR function

Since Tcf712 is a transcription factor 27, we used RNA sequencing (RNA-Seq) to identify
differentially expressed genes in the mHb of 7¢f7/2™ rats that may explain its actions on
nAChR function. For comparison, RNA from the IPn and hippocampus was also sequenced
(Fig. 3d). This analysis identified ~195 genes that were differentially downregulated in

the mHb of Tcf7/2M rats compared with Tcf7/2W7 rats, of which 141 were specifically
downregulated in the mHb compared with the IPn or hippocampus (Fig. 3e). This pattern
of differential expression was confirmed for representative genes using real-time PCR
(Extended data 4). Notably, nAChR subunit transcript levels were similar in the mHb of
Tcf712M relative to Tef7/2%7 rats (Extended data 4), suggesting that Tcf712 regulates
the function but not the expression of habenular nAChRs. siRNA-mediated knockdown of
five of these differentially downregulated genes (Pafahibl, Ndfipl, Arhgaps, Hnrnpu, and
Akap9) did not alter a4p2a5 nAChR function in HEK cells (Extended data 4). However,
KEGG analysis of the differentially downregulated genes predicted that habenular cAMP
signaling is likely to be perturbed in 7cf7/2™ rats (P=9.78e~%; Fig. 3f). Consistent with
this prediction, a dominant negative Tcf712 mutant (dn-Tcf712) reduced the activity of a
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cAMP luciferase reporter in rat PC12 cells (Extended data 5). Similarly, dn-Tcf712 reduced
baseline and Ex-4-evoked increases in cCAMP luciferase reporter activity in INS-1 cells,

an immortalized rat pancreatic B cell line that constitutively expresses GLP-1 receptors 28
(Extended data 5). Ex-4 increased the activity of a lentivirus-expressed cCAMP luciferase
reporter in the mHb of 7¢f7/2%7 rats but not 7cf7/2™ ! rats (Extended data 5). Further,
Ex-4-evoked increases in cCAMP levels in mHb tissues, measured by ELISA, were greatly
attenuated in mHb tissue from 7¢f7/2™/ rats compared with 7¢f7/2W7 rats (Fig. 3h). The
CAMP analog 8-Bromo-cAMP (8-Br-cAMP) facilitated the recovery of a4p2a5 nAChRs
stably expressed in HEK cells from nicotine-induced desensitization (Extended data 5),
consistent with cAMP-dependent kinases regulating this process 2931, Moreover, 8-Br-
CcAMP also rescued the failure of NAChRs to recover from nicotine-induced desensitization
in mHb neurons from Tcf7/2™ rats (Fig. 3i,j). Finally, the phosphodiesterase inhibitor
rolipram (1 mg kg™1), which increases cAMP levels in the brains of mice 32, rescued

the otherwise increased nicotine intake in Rosa26-5L-PCas9-éGFP mice in which habenular
Tcf7[2was cleaved (Fig. 3K). Together, these findings identify a critical role for Tcf712 in
regulating the function of habenular nAChR function, and hence nicotine intake, through a
mechanism involving control of local cAMP signaling dynamics.

Habenular Tcf712 regulates glycemic responses to nicotine

In addition to downregulated genes, we detected 161 differentially upregulated genes in the
mHb of Tcf7/2™ rats relative to 7cf7/2%7 rats, 85 of which were specifically upregulated
in mHb compared with IPn or hippocampus (Extended data 6). KEGG analysis of these
upregulated genes suggested that 5 of the 6 top pathways predicted to be perturbed

are involved in energy homeostasis, particularly glucose metabolism and blood glucose
regulation (Extended data 6). Considering that nicotine can increase blood glucose in
smokers 1011 smoking is a major risk factor for T2D 1213 and 7CF7L2alleles are strongly
associated with T2D &9, we hypothesized that Tcf712 signaling in the mHb may regulate
the actions of nicotine on blood glucose. Nicotine (0.25-1 mg kg~1) dose-dependently
increased blood glucose levels in rats (Fig. 4a). By contrast, systemic injection of oxycodone
(2.5 mg kg1) or cocaine (20 mg kg™1) had no effects (Extended data 6). Blood glucose
was unaltered in rats by self-administration of the standard nicotine dose used in most
experiments (0.03 mg kg~ per infusion) (Fig. 4b). However, a higher unit dose (0.12 mg
kg~1 per infusion), known to stimulate activity in the mHb-1Pn circuit 3, increased blood
glucose (Fig. 4c). Chemogenetic stimulation of the mHb-IPn circuit similarly increased
blood glucose in rats, mimicking the effects of nicotine (Fig. 4d-f; Extended data 7).
Chemogenetic stimulation of the IPn of Chrna5-Cre mice also increased blood glucose
levels (Extended data 6). Infusion of Ex-4 (100 ng) into the mHb had no effects on blood
glucose in rats that self-administered saline (Fig. 4g), but enhanced the hyperglycemic
response to nicotine (0.12 mg kg1 per infusion) (Fig. 4g). Conversely, shRNA-mediated
knockdown of GLP-1 receptors in the mHb reduced local Tcf712 expression and abolished
the stimulatory effects of nicotine on blood glucose (Fig. 4h; Extended data 6). Finally,
siRNA-mediated knockdown of Tcf712 in the mHb also reduced the hyperglycemic actions
of nicotine (Fig. 4i). Similarly, the p1 adrenergic receptor (AR) antagonist atenolol (10

mg kg™1), and the B2AR antagonist 1C1118,551 (2 mg kg™1), blocked the hyperglycemic
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response to nicotine injection (Extended data 6). Atenolol, which does not cross the blood-
brain barrier 3334, also blocked the hyperglycemic response to nicotine self-administration
(Fig. 4j) or chemogenetic stimulation of the mHb-IPn circuit (Extended data 6). Mice
treated with a hyperglycemic dose of nicotine (0.5 mg kg™1) had depleted glucagon

levels in pancreatic islets (Extended data 8). Finally, injection into the pancreas but not

the liver of pseudorabies virus expressing GFP (pRV-GFP), which travels in a retrograde
fashion from sites of infection via synaptically connected neurons (Fig. 4k), resulted in
GFP-expressing td7om-positive cholinergic cells in the mHb and GFP-positive cells in the
IPn that were in close apposition to fad7om-positive fibers from the mHb in these mice (Fig.
4i; Extended data 8). Together, these findings suggest that nicotine increases blood glucose
levels in a GLP-1/Tcf712-dependent manner, through a mechanism involving recruitment of
sympathetic nervous system transmission and release of glucagon from the pancreas.

Glucose regulates nAChR function in the habenula

Next, we investigated the behavioral and physiological significance of the hyperglycemic
actions of nicotine. Neither oral nor IV infusion of glucose or glucagon had any effects

on nicotine self-administration in rats (Extended data 9). Similarly, a dose of atenolol that
completely blocked the hyperglycemic actions of nicotine did not alter nicotine intake in
rats (Extended data 9). This suggests that obtaining the stimulatory effects of nicotine on
blood glucose is unlikely to contribute of the motivational properties of the drug. Notably,
we identified 1160 transcripts whose translation was altered in mHb cholinergic neurons of
ChATPWIS7 TRAP mice by 6 weeks of daily sucrose consumption (Extended data 9). This
suggests that elevated circulating glucose levels can modulate mHb function. Increasing the
glucose concentration in the extracellular solution (12.5 to 30 mM) had no effects on the
spike frequency of mHb neurons, but decreased the magnitude of nicotine-evoked habenular
nAChR currents (Extended data 9). This suggests that nicotine-induced increases in blood
glucose may ‘feedback’ onto mHb neurons to inhibit local NAChR function and promote the
development of habitual tobacco smoking. Glucose regulation of habenular nAChR function
could also explain the high rates of tobacco use in those suffering from T2D and their
greater difficulty quitting the habit that non-diabetic subjects 3°. Finally, we investigated the
effects of repeated exposure to the hyperglycemic actions of nicotine on blood glucose
homeostasis. Fasting blood glucose levels were reduced in the rats with a history of

nicotine self-administration (0.12 mg kg1 per infusion; 21 daily sessions) compared with
rats that self-administered saline when measured 24 h after their final session (Extended
data 9). This hypoglycemic state during early nicotine withdrawal likely contributes to the
well-known carbohydrate craving experienced by tobacco smokers during the initial stages
of a quit attempt 36. By contrast, the nicotine-experienced rats showed elevated fasting
blood glucose levels and deficits in glucose clearance compared with saline-experienced
rats when measured 3 and 6 weeks after their final session (Fig. 5a-c; Extended data 9).
Circulating glucagon and insulin levels were also elevated in the nicotine-experienced rats
(Fig. 5d,e). Similarly, pancreatic glucagon and insulin content were increased in mice after
>1 month of withdrawal from chronic nicotine treatment (0.5 mg kg1 per day for 14 days)
compared with saline-treated mice (Fig. 5f-h). Increased circulating glucagon and insulin
levels is a hallmark of the counterregulatory response engaged during periods of fasting to
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maintain homeostatic blood glucose levels. The fact that nicotine-experienced rats showed
counterregulatory-like elevations in glucagon and insulin, even though they were ad /ibitum
fed and their body were similar to saline-experienced rats (Extended data 9), suggests that
nicotine alters metabolism to trigger hunger-like adaptions in blood glucose regulation. To
investigate the role for Tcf712 in this action, we examined the effects of chronic saline or
nicotine (1 mg kg1 per day; 21 consecutive days) injections on blood glucose homeostasis
in 7cf7I2M and Tef7I2W7 rats (Fig. 5i). There were no differences in pre-treatment

blood glucose or glucagon levels in 7¢f7/2™ and Tcf7/2W7 rats (Extended data 9). After
chronic saline treatment, fasting blood glucose levels were again similar in 7¢f7/2%7 and
Tef7I2™ rats (Fig. 5j). However, chronic treatment elevated fasting blood glucose (Fig.
5k) and glucagon (Extended data 9) levels in 7¢f7/2"7 compared with 7¢f7/27 ! rats when
assessed 5 and 12 weeks after the final nicotine injection (Fig. 5), suggesting that Tcf712
regulates the emergence of diabetes-like abnormalities in blood glucose homeostasis in
nicotine-experienced animals (see Extended data 10).

Conclusions

Our findings reveal a crucial role for the diabetes-associated transcription factor Tcf712

in regulating the function of NAChRs in the habenula and in controlling nicotine intake.
Surprisingly, we find that habenular neurons provide polysynaptic input to the pancreas
and that nicotine acts on this habenula-pancreas circuit, in a Tcf712-dependent manner
and via the autonomic nervous system, to increase blood glucose levels. The reason why
mHb stimulation should evoke such robust increases in blood glucose is unclear, but
recent findings suggest that the mHb plays a key role in coordinating adaptive responses
to stressful or threatening stimuli 37-40, Hence, it is likely that the mHb also regulates
hyperglycemic responses to stress, the function of which is to mobilize energy stores for
“fight-or-flight” behaviors 41, By repeatedly hijacking this mHb-regulated stress response,
chronic nicotine use precipitates abnormalities in blood glucose homeostasis in a Tcf712-
dependent manner. It is striking that this pattern of effects is usually seen during periods
of fasting, suggesting that nicotine withdrawal is associated with maladaptive alterations
in metabolism that are analogous to a state of hunger. It is also notable that loss of

Tcf712 function in the mHb increased nicotine consumption yet reduced hyperglycemic
responses to the drug and protected against abnormalities in blood glucose homeostasis. If
these findings extend to human smokers, they would suggest a complex action whereby
deficits in Tcf712 signaling increases the risk of tobacco dependence yet simultaneously
protects against smoking-related diabetes. More broadly, our findings provide compelling
evidence that diabetes and perhaps other smoking-related diseases, such as hypertension and
cardiovascular disease, may originate in the brain and reflect nicotine-induced disruption of
habenula-regulated interactions with the autonomic nervous system.

METHODS

Animals

Tcf7/2 mutant rats were generated by directing zinc finger nucleases to a 169 base-pair
(bp) region that spans the end portion of exon 5, which encodes the p-catenin binding

Nature. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duncan et al.

Drugs

Cell culture

Page 8

domain, and the beginning portion of following intron on a Dahl/SS (derived from

Sprague Dawley) background (Extended data 1); see Ref. 20. Accurate targeting of this
region was confirmed by Sanger sequencing of genomic DNA from 7¢f7/2 mutant rats
(Extended data 1). This partial deletion of exon 5 is predicted to produce two truncated
proteins, one that is 427 amino acids long and in which the majority of the B-catenin
binding domain has been deleted and the other a shorter protein (207 amino acids) that
contains only the N-terminal region of the B-catenin binding domain. To detect deletion
near the targeted ZFN binding site, primers flanking exon 5 were used to amplify the
intervening region by PCR from genomic DNA. The primer sequences were Tcf712-seqg-

F, CGCACAATGCTTATTCCTTAGC and Tcf712-seq-R, GGACGCCCACAAGTCTAGC.
Wild-type and mutant PCR products were purified and sequenced by Sanger sequencing
using the same primers. A 169 bp region comprising 49 bp of exon 5 and 120 bp of the
following intron was confirmed to be deleted. Open reading frames of the predicted mutant
Tcf712 mRNA were generated using Vector NTI software and based on the NCBI Tcf712
transcript NM_001191052.1. 7¢f7/2% T and Tcf7/2™ ! rats were obtained by heterozygous
mating schemes. 7cf7/2M“ rats are available upon request. Rats were housed 2 per cage

in an AALAC-approved vivarium on a 12-h reverse light—dark cycle. All experiments were
carried out according to approved protocols from The Scripps Research Institute and Icahn
School of Medicine at Mount Sinai Institutional Animal Care and Use Committees.

Rosa26-SL-spCas9-eGFP (Stock #026175), ChAT-Cre (Stock #006410), CHATPWI67 TRAP
(Stock #030250), BAT-GAL (Stock #00531) and ROSA-tdTom (Stock #007914) mice were
obtained from Jackson Laboratories and were bred in our animal facilities. All breeding was
conducted by mating heterozygous pairs. Mice were housed in cages of 1-3 and were at
least 6 weeks of age at the beginning of experiments.

For self-administration experiments in mice and rats, nicotine bitartrate dihydrate (CAS#
6019-06-3, MP Biomedicals, Santa Ana, CA) was dissolved in 0.9% sterile saline. All doses
of nicotine refer to the free-base form. Atenolol (CAS# 29122-68-7, Sigma-Aldrich, St.
Louis, MO) was dissolved in 2mM HCI in 0.9% sterile saline. The GLP-1 receptor agonist
Ex-4 (Tocris, Ellisville, MO) was dissolved in 0.9% saline solution for /n vivo use and
0.1M PBS for ex vivo use. Clozapine-N-oxide (CNO, Enzo Life Sciences, Farmingdale,
NY), insulin (CAS# 11070-73-8, Sigma-Aldrich, St. Louis, MO) and glucagon (CAS#
16941-32-5, Sigma-Aldrich, St. Louis, MO) were diluted in 0.9% saline for intraperitoneal
injection. D-(+)-Glucose (CAS# 50-99-7, Sigma-Aldrich, St. Louis, MO) was dissolved in
dH,0 for oral gavage. cCAMPS-RP, 8-Br-cAMP, and Rolipram (Tocris, Ellisville, MO) were
all dissolved in 0.9% saline. The pH of all solutions was adjusted to ~7.4. The pH of all
solutions was adjusted to ~7.4.

Cell lines were maintained at 37°C in a 5% CO, atmosphere. For experiments, cells were
plated at 5x10* cells/per well in tissue culture-treated 24-well plates (Corning, Corning,
NY, USA) and transfected using the Lipofectamine 3000 Transfection Reagent (Thermo
Fisher Scientific, Carlsbad, CA, USA) per the manufacturer’s instructions unless otherwise
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noted. Rat INS-1 cells (a pancreatic -cell line) were cultured in RPMI 1640 medium
containing 25 mM HEPES, 2 mM glutamine, 1 mM pyruvate, 10% FBS (Gibco, Carlsbad,
CA, USA) and 1% Pen/Strep. Rat PC12 cells (a neuroblastic pheochromocytoma cells of
the adrenal medulla) were grown in F-12k medium (Gibco, Carlsbad, CA, USA) with 10%
FBS, 5% horse serum and 1% Pen/Strep, and differentiated using nerve growth factor
(NGF) stimulation (50 ng/ml). Mouse Neuro2A cells were grown in DMEM medium
(Cellgro,Corning, NY, USA) containing 10% FBS and 1% Pen/Strep. For luciferase reporter
assays, samples were processed using the Dual-Glo Luciferase Assay System (Promega,
Madison, WI, USA) per the manufacturer’s instructions.

For luciferase experiments in INS-1 and PC12 cell lines, we obtained p-Lenti-7xTcf-
FFluc-SV40-mCherry from Addgene (7TFC; Addgene plasmid #24307, gift from Roel
Nusse). The p-Lenti-7xTcf-FFluc-SV40-mCherry construct contained 7 consensus binding
sequences for human 7CF7L2to control luciferase transcription. £V.XZ-CREB-Luciferase-
GFP was a gift from Michael Conkright. The £V.XZ-CREB-Luciferase-GFP contains
cAMP-responsive elements to control luciferase transcription. A dominant-negative 7CF7L2
construct (EdTc) was obtained from Addgene (EdTc; Addgene plasmid #24310, gift from
Roel Nusse). The pGF-CREB-mCMV-EF1a-Puro CREB reporter and the control vector

in a lentivirus backbone were purchased from System Biosciences Inc. (Catalog number
TR202va-p, Pao Alto, CA, USA). The vector was packaged into active lentivirus particles
(>108 IFUs) for in vivo experiments.

Viral vectors

All viruses were distributed into 10 pL aliquots, kept at =80 °C, and thawed immediately
before injection. For knockdown of G/pIrtranscripts in rat brain, a short hairpin (ShRNA)
construct that knocks down rat GlpZrby >80% in cultured cells and efficiently reduces
Glp1rtranscripts in rat brain (AAV1-sh-GLP1r-GFP, serotype 1) was used. The sequence of
the ShRNA was 5’-
GATCGGGTTGCTGGTGGAAGGCGTGTATCTGTACTCAAGAGGTACAGATACACGC
CTTCCACCAGCAACCTTTTTT-3". Knockdown of G/p1rin the mHb was confirmed by
real-time PCR using the rat G/pZr Tagman assay, Rn00562406_m1 (ThermoFisher
Scientific, Waltham, MA). Following injection, animals were allowed to recover for at least
2 weeks before experimentation.

RNA extraction

For RNA extraction and analysis, habenula tissues were homogenized in 500 pl TRIzol
Reagent (ThermoFisher Scientific, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Samples were sonicated to complete homogenization. 100 pl of chloroform was
added and samples were vigorously vortexed for 15 sec. After a 3 min incubation at room
temperature, the samples were centrifuged at 12,000 x g at 4°C for 15 min. The aqueous
phase of the sample was removed by angling the tube at 45° and pipetting the solution to

a fresh tube. 250 pl of 100% isopropanol was added to the aqueous phase and incubated

for 10 min at room temperature. Samples were then centrifuged at 12,000 x g for 10 min

at 4°C. Supernatant was removed and discarded, leaving behind the RNA pellet. The pellet
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was washed with 500 pl 75% ethanol twice. The tube was allowed to dry for 5 min at room
temperature. The pellet was resuspended in 20 pl nuclease-free water. Residual genomic
DNA was removed using the DNA-free Kit (ThermoFisher Scientific, Carlsbad, CA, USA)
per the manufacturer’s instructions. The concentration was measured using a NanoDrop
machine (ThermoFisher Scientific, Carlsbad, CA, USA). Samples were stored at —80 °C
until processing.

In vitro Calcium measurement (FLIPR assays)

RT-PCR

Cell lines were maintained at 37°C in a 5% CO, atmosphere. For fluorometric imaging plate
reader (FLIPR) assay, HEK293T cells were cultured in DMEM medium containing 25 mM
HEPES, 2 mM glutamine, 1 mM pyruvate, 10% FBS (Gibco, Carlsbad, CA, USA) and 1%
Pen/Strep. 48 and 72 h after transfection with control siRNAs or siRNAs to knockdown
targeted transcripts, cells were incubated with an equal volume of calcium-4 loading buffer
(Molecular Devices, Inc., Sunnyvale, CA, USA) containing 2.5 mM probenecid at 37 °C for
30 min, followed by addition of vehicle or nicotine (dose range: 20 nM-320 uM) for another
30 min. The plates were then placed into a fluorometric imaging plate reader (Molecular
Devices, Inc., Sunnyvale, CA, USA) to monitor fluorescence (Aexcitation = 488 NM, Aemission
=540 nm).

Samples were reverse transcribed into complementary DNA with the TagMan High Capacity
cDNA Reverse Transcription kit (ThermoFisher Scientific, Carlsbad, CA, USA). Thereafter,
they were processed with either the TagMan Universal PCR kit with the rat GlpZror Tcf7/2
gene expression assay (ThermoFisher Scientific, Carlsbad, CA, USA) or custom-made
primers compatible with the Sybr Green Kit (ThermoFisher Scientific, Carlsbad, CA, USA).
Controls consisted of either p-actin or Gapdh. Samples were quantified by RT-PCR (7900
Real-Time PCR system; ThermoFisher Scientific, Carlsbad, CA). All data were normalized
relative to the mean housekeeping messenger RNA expression levels as an internal control.
Comparison between groups was made using the method of 27AACt,

Brain perfusion and fixation

Mice and rats were anesthetized with an isoflurane (1-3%)/oxygen vapor mixture and
perfused through the ascending aorta with 0.1 M PBS, followed by 4% paraformaldehyde
(PFA) in 0.1 M PBS (pH 7.4). Brains were collected, post-fixed overnight in 4% PFA in

0.1 M PBS and then cryoprotected in 30% sucrose in 0.1 M PBS (pH 7.4) for 72 h at 4°C.
The cryoprotected brains were embedded in Tissue-Tek OCT compound (Finetek, Torrance,
CA). 30-40 um coronal sections were cut on a cryostat (Leica Biosystems, Wetzlar, DE) and
collected directly onto slides and allowed to dry overnight at room temperature. Slides were
stored at —20°C until processing.

Immunohistochemistry

40 um sections containing the mHb from ChAT-Cre::tdTom mice were washed three times
for 10 min in 0.1M PBS (pH 7.4). Subsequently, sections were incubated in 10% normal
donkey serum (NDS) with 0.5% Triton X-100 in PBS for 30 min at RT. The sections were
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then incubated with the Tcf712 primary antibody (#17-10109, Millipore Sigma, MA, USA)
in 10% NDS, 0.5% Triton X100 in PBS overnight at 4°C. Slides were then washed 4x 10
min with 0.1 M PBS. Immunoreactivity was probed using Alexa 488/568-conjugated donkey
anti-mouse/rabbit secondary antibodies (1:1000; Molecular Probes, OR, USA) for 1 h at
room temperature. The secondary antibodies were diluted in PBS-T containing 2% NDS.
The slides were mounted with Fluoro-Gel containing DAPI (Electron Microscopy Sciences,
PA, USA). The images were collected using a Zeiss Axiolmager Z2 microscope system.

Ex vivo cAMP stimulation and measurement of cAMP levels using ELISA

Fresh habenula and IPn samples were micro-dissected from 7¢f7/2%7 and Tcf7/2m

rats. The tissue samples from two animals were pooled together for one experimental
replicate. A total of 3 experimental replicates per condition were used. Tissue was lightly
homogenized with a motorized tissue grinder in 40 ul phosphate buffered saline. To
stimulate cAMP production in tissue homogenates, 5 pl of vehicle (PBS) or 1 mg/ml Ex-4
(final concentration 100 uM) was spiked into the tube. Samples were briefly mixed and
incubated for 30 min at 30°C. 5 ul of 1 M HCI was added to stop the reaction and lyse the
tissue. Samples were stored at —80°C until use. When thawed, samples were centrifuged at
13,000 x g for 10 min at 4°C. The concentration of CAMP in the supernatant obtained from
the rat habenula and IPN extracts was measured using the cAMP Direct Immunoassay Kit
(Biovision Inc, Milpitas, CA, USA) per the manufacturer’s instructions.

Ex vivo assessment of cCAMP signaling using luciferase imaging

On the day of each experiment, 7cf7/2"%7 and Tcf7/2™ rats that received intra-mHb
injections with a lentivirus to express the pGF-CREB-mCMV-dscGFP-P2A-luciferase
reporter were injected with luciferin (150 mg/kg IP) dissolved in sterile 0.9% saline (25
mg/mL). 20 min later, rats were lightly anesthetized with isoflurane, decapitated and brains
rapidly dissected on ice. Coronal slices (~1.5 mm; 2-3 in total) were collected from each
animal to include the full extent of the mHb. Slices were transferred to a 6-well plate and
placed in a solution of 2-2.5 mL of oxygenated aCSF. All imaging was performed using the
IVIS Spectrum imaging module from Caliper Life Sciences, with the manufacturer-provided
Living Image software set to the following parameters: 4 min exposure length, medium
binning, luminescent F/Stop set at 1, excitation filter blocked, and the emission filter open.
6-well plates with slices were placed in the VIS and situated in the middle of the imaging
grid with the stage temperature set to 37° C. Imaging experiments began following an
addition of luciferin (at a concentration of 0.3 mg/mL) to characterize “baseline” luminance.
To stimulate CREB activity, Ex-4 (final concentration of 250 nM) was then added to the
bath and reads were collected every 5 minutes over the next 35 minutes. An ROl was
manually drawn around the mHb in each sample, with the size of the ROl kept constant
across all slices analyzed. A total of 6 ROIs from 7cf7/2%7 rats (from 3 animals) and 7
from Tcf7/2™ats (from 4 animals) were used for statistical comparison. Luminance was
assessed over 35 min following bath application of Ex-4 (250 nM).

BAT-GAL transgenic mice and LacZ staining

Adult (10-12 weeks old) BAT-GAL transgenic were purchased from Jackson laboratories.
The transgene expresses the lacZ gene under the control of a regulatory sequence consisting
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of seven consensus Tcf712-binding motifs upstream of the Xengpus siamois gene minimal
promoter. Transgenic mice display B-galactosidase activity in the presence of active
transcription factor binding. Mice were perfused with 2% PFA in PBS and brains post-
fixed in 2% PFA in PBS containing 2 mM MgCl,. and 2 mM EGTA for 1 hr at 4°C.

Brains were washed in wash buffer (0.1M PBS, 2mM MgCI2) 3 x 15 min. Then, brains
were cryoprotected in 15% followed by 30% sucrose in wash buffer. The cryoprotected
brains were embedded in Tissue-Tek OCT compound (Finetek, Torrance, CA, USA). 20

um coronal sections containing the habenula were collected directly onto slides and dried
overnight at room temperature. Slides were washed in wash buffer 10 mins on ice. Slices
were then washed in LacZ buffer (0.1M PBS, 2mM MgCI2, 0.01% sodium deoxycholate,
0.02% NP-40). Slides were placed in a humidified chamber and 200 pl LacZ stain

(0.1M PBS, 2mM MgCI2, 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide) was applied to each slide. Slides were placed at
37°C for 2-3 hours. After incubation, slides were washed in wash buffer 2 x 5 min followed
by a finally wash in dH20 1 x 5 min. Tissue was counterstained with Nuclear Fast Red
(\Vector Laboratories, Burlingame, CA). Finally, slides were dehydrated through a methanol
series (1 x 5 min each 50%, 70% and 100%), cleared in xylene 2 x 5 min, and mounted with
Permount (Fisher Scientific, Waltham, MA, USA). Images of beta-galactosidase staining
were obtained by brightfield microscopy.

86RbCI (average initial specific activity 15 Ci mg~1) and Optiphase Supermix scintillation
cocktail were purchased (Perkin-Elmer NEN, Waltham, MA, USA). To obtain crude
synaptosomal preparations of habenula and IPn, fresh tissue was microdissected and
prepared as previously described 3. Samples were loaded with 8Rb* and acetylcholine-
stimulated 86Rb* efflux was measured, with each sample stimulated only once; see Ref.
3, 86Rb* efflux was expressed as the increase in signal above basal efflux. A nonlinear
least-squares curve fit to a first-order equation (Ct = CO x X%, where Ct is the basal
efflux counts at time t, CO is the estimated efflux counts at t = 0's, and k is the first-order
decay constant) was used to estimate basal efflux for each sample. Counts in fractions
preceding and following the peak were used for curve fitting. Acetylcholine-stimulated
efflux was calculated by summing the counts in the fractions exceeding basal efflux during
acetylcholine exposure and dividing by the corresponding basal efflux counts. This value
represents total peak relative to baseline.

Brain slice preparation for physiology recordings

3-6 month old male and female 7c/7/2W7 and Tcf7/2™ rats were used for all
electrophysiology experiments. Rats were anesthetized with isoflurane followed by
transcardial perfusion with oxygenated (95% 0,/5% CO,) N-methyl-D-glucamine (NMDG)
HPEPS solution (in mM: 92 NMDG, 2.5 KCl, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25
glucose, 5 Na* ascorbate, 2 thiourea, 3 Na* pyruvate, 10 MgSO,4 7H,0, 0.5 CaCls, 2 H,0,
with pH adjusted to 7.3— 7.4, 300 —310 mOsm). The brain was quickly removed into ice-
cold NMDG HEPES solution for 1 min. For nAChR desensitization studies, 300-pum-thick
coronal slices containing MHb were cut with a vibratome (Leica VT1200S, Germany). For
studies involving measurement of SEPSCs in IPN, a custom brain block was used to cut the
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brain at a ~55° angle prior to collecting 300-350-um-thick angled coronal slices containing
intact mHb-Fr-IPN circuitry cut by a vibratome. Slices were then incubated at 32 °C for 25—
35 min, then kept at room temperature for at least 1 h, in the following solution: 95% O,/5%
CO»-equilibrated HEPES-holding-solution containing the following (in mM) 92 NaCl, 2.5
KCI, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25 glucose, 5 Na* ascorbate, 2 thiourea, 3 Na*
pyruvate, 2 MgSO4 7H,0, and 2 CaCly, 2 H,0.

Voltage-clamp electrophysiology

Recordings were made under an upright microscope (Scientifica SliceScope Pro 2000,
Scientifica, UK) equipped with infrared differential interference contrast optics for
visualization. Slices were transferred to a recording chamber superfused with standard
recording ACSF containing (in mM) 124 NaCl, 2.5 KClI, 1.2 NaH2PO4, 24 NaHCO3, 5
HEPES, 12.5 glucose, 2 MgSQO,4 7H20 and 2 CaCl, 2H20, adjusted to pH 7.3-7.4, 295 —
305 mOsm. Recordings were performed at 32°C. Patch pipettes were made from borosilicate
glass capillary tubing (1B150F-4; World Precision Instruments) using a micropipette puller
(PC-10; Narishige, Japan).

For nAChR desensitization studies, the internal recording pipette solution was potassium-
based and contained the following (in mM): K+ gluconate 130, KCI 4, EGTA 0.3, HEPES
10, MgATP 4, Na2GTP 0.3, Phosphocreatine 10; pH adjusted to 7.3 with KOH while the
external solution was ACSF +0.5 uM TTX+ 100 uM picrotoxin, + 5 pM NBQX+ 50 uM
APV. nAChR currents were recorded from the soma of MHb neurons using a Multiclamp
700B or an Axopatch 200B amplifier with a DigiData 1550 interface and Clampex 10.3
software (Molecular Devices) sampled at 5 kHz and low-pass filtered at 1 kHz. \Joltage was
held at -60 mV (Vhold = —-60 mV). A baseline nAChR current was recorded for 3 min.
For drug application, a 30 UM nicotine-filled glass pipette, identical to a typical recording
pipette, was connected to a micropressure ejection system (PICOSPRTIZER®III, Parker,
USA). Ejection pipettes were moved to within 20 — 40 um of the recorded cell using a
manipulator, drug was applied for 0.1 Hz. For the induction of nNAChR desensitization, the
frequency of drug application was changed to 1 Hz for 60 sec. After the induction, the
frequency was returned to 0.1 Hz and nAChR were continuously measured for another 10
min.

For SEPSCs (SEPSCs) measurements in the IPn, the internal recording pipette solution was
potassium-based contained the following (in mM): K+ gluconate 130, KCI 4, EGTA 0.3,
HEPES 10, MgATP 4, Na2GTP 0.3, Phosphocreatine 10; pH adjusted to 7.3 with KOH
while the external solution was ACSF + 100 UM picrotoxin. SEPSCs were recorded from
the IPn neurons using a Multiclamp 700B amplifier with a DigiData 1500 interface and
Clampex 10.3 software (Molecular Devices) sampled at 5 kHz and low-pass filtered at 1
kHz. Voltage was held at =70 mV (Vhold = =70 mV). A baseline SEPSCs was recorded for
5 min. For drug application, a 50 uM nicotine was locally applied to ventral MHb by gravity
using nicotine-filled glass pipette (~200 um) and was sucked by a local suction glass pipette
(~200 um) that was positioned to outside of MHb. The local suction pipette prevented the
diffusion of nicotine to the recording site in the IPn. Local perfusion pipettes were moved
to within 100 — 200 pm of the brain slice surface using a manipulator, drug was applied
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continuously for 5 min with a local suction pipette and SEPSCs were continuously measured
for another 5 min.

Functional Magnetic Resonance Imaging

Rats were prepared with a tail vein catheter immediately before being placed in the
scanner. Rats were anesthetized with medetomidine. First, the animal was anesthetized using
isoflurane anesthesia (3% induction and 1.5% maintenance). Then a bolus of 0.05mg/kg
medetomindine was administered subcutaneously. Isoflurane was discontinued 5 min after
the bolus administration. Medetomidine was then infused (0.1 mg kg™ per h) via the tail
vein catheter to maintain sedation. All rats were imaged on a heated bed and respiration
was monitored continuously until the end of the scan. After anesthesia was established,
fMRI acquisition began. All imaging was performed using a Bruker Biospec 70/30 7 Tesla
scanner with a B-GA12S gradient insert (gradient strength 440 mT/m and slew rate 3444
T/m/s). A Bruker 4 Channel rat brain phased array was used for all data acquisition in
conjunction with a Bruker volume transmit 86 mm coil. After a three plane localizer, three
short anatomical T2 scans were acquired for the purpose of anatomical localization and
co-registration. Functional scans were acquired with a GE-EPI protocol with the following
parameters: TR = 3000 ms, TE = 15 ms, flip angle = 70°, field of view = 25.6 mm x 25.6
mm, matrix size = 80 x 80, in-plane resolution = 320 um x 320 um, number of slices =

38, slice thickness = 0.7 mm, slice gap = 0 mm, number of volumes = 800, and dummy
scans = 4. The total scanning time for the fMRI experiment was 40 mins. After 20 minutes
of acquisition, rats were injected with CNO (1mg kg™ ) intravenously and data acquisition
continued for another 20 min for a 40 min scanning session in total.

RNA-Seq and differential analysis

RNA-Seq data generated from Illumina HiSeq 2500 were processed following an open
source pipeline #2. A total of n=9 rats of each genotype ( 7cf7/2W7 and Tcf7/2m

were used. RNA libraries for each brain region were generated from pooled RNA from
three animals per group. Briefly, the paired-end sequencing reads were aligned to the
human genome (version hg19) and rat genome (version rn6), using the Spliced Transcripts
Alignment to a (STAR) 43. Next, featureCount 44 was employed to assign aligned reads

to genes. Count per Million (CPM) was used as the expression quantification method. The
CPM matrix was log2 transformed and Z-score scaled to center the expression values of
each gene to 0 with a standard deviation of 1 before performing Principal Component
Analysis (PCA) and Hierarchical Clustering (HC). The Characteristic Direction 4> was
used to identify differentially expressed (DE) genes between the 7cf7/2™ and Tcf7/2VT
samples. Enrichment analyses for DE genes were performed using Enrichr 4647, RNA-Seq
data generated from TRAP were processed and analyzed as previously described 1617,

Tcf712 sgRNA synthesis and validation

Five sgRNA sequences that targeted all known 17 murine transcript variants of Tcf712 were
designed and synthesized utilizing S. pyogenes Cas9 protospacer adjacent motif (PAM)
sites. Off-target cleavage was bioinformatically assessed utilizing http://crispor.tefor.net.
sgRNAs were synthesized via PCR with loci-specific primers followed by T7 in vitro
transcription, purification and quantitation using the GeneArt Precision sgRNA Synthesis
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Kit from ThermoFisher (Cat no. A29377). The N2a neuroblastoma cells at 60% confluency
were transfected, via Lipofectamine MessengerMAX Transfection Reagent, with Cas9 (0.5
ng) and sgRNA (125 ng) in triplicate. Cells were incubated for 48 h, lysed and PCR
carried out using target-specific primers. The PCR strands were re-annealed and mismatches
digested. Mismatches were quantified using a T7 endonuclease-based mismatch assay
(ThermoFisher Cat no. A24372). The sgRNA with the greatest cleavage efficiency for
Tcf7/12, and the fewest predicted off-targets, was selected for /in vivo testing; sequence:
GTGTACCCAATCACGACAGG AGG. The predicted off targets of this SgRNA were
intergenic only. The selected 7¢f7/2 sgRNA was cloned into an AAV plasmid (AAV:ITR-
U6-sgRNA(backbone)-pCBh-Cre-WPRE-hGHpA-ITR) (Addgene plasmid # 60229). The
sgRNA backbone was replaced with the sgRNA sequence for 7c¢f7/2 or eGFP1to serve as

a control vector; sequence: GAGCTGGACGGCGACGTAAA CGG. The Cre recombinase
cassette in the plasmid was replaced with d7omato by Vector Biolabs. The plasmids

were packaged into infectious particles with a titer greater than 1.0 x 1013 and aliquoted
into 5 pl volumes and stored at —80 °C until use. The AAV carrying the sgRNA for
Tcf7/2was validated by viral transduction with AAV-CMV-spCas9 (Vector Biolabs, PA,
USA) in N2a cells. Fluorophore abundance, mRNA knockdown, and genomic cleavage
efficiency were assessed /n vitro prior to infection. To confirm in vivo cleavage of

Tcf712, Rosa26-St-spCas9-eGFP mice were killed by cervical dislocation, their brains
removed and frozen immediately in methylbutane on dry ice. The mHb was dissected
using a 1.0 mm punch on the cryostat. Genomic DNA from the mHb was extracted

using Purelink genomic DNA kit (catalogue number: k1820-01) from Thermofisher
Scientific (Carlsbad, CA, USA). Primers were designed to surround the CRISPR cut

site. F: AGCTTACTGTACGGCGAGAAC and R:TGTCTAGGTGAGTCGCTGTG. DNA
amplicons were generated by PCR. The PCR product was purified using Qiagen PCR
purification kit (Hilden, Germany, catalogue number: 28104). DNA amplicons were
sequenced using EZ amplicon sequencing (Genewiz, South Plainfield, NJ, USA) and the
percentage of indels calculated.

Cannula implantation and intracranial microinjection

For CRISPR-mediated cleavage of 7cf7/2, AAV2-hSYN1-iCre-WPRE and AAV 1-
U6-sgRNA (Tcf712)-pCBh-dTomato-WPRE-hGHpA-ITR or AAV 1-U6-sgRNA (eGFP)-
pCBh-dTomato-WPRE-hGHpA-ITR were locally infused into the mHb of male
Rosa26-SL-5pCas9-eGFP mice, The coordinates from bregma were: AP: —1.55, ML: 1.65,
from dura DV: -2.9 — =3.1, at an angle of 32°. The incubation period was 3 months before
behavior commenced. mRNA levels (Thermo Fisher Tagman probe: Mm01258049_m1) and
genomic cleavage (Thermo Fisher Cat no. A24372) were quantified to ensure effective
genomic editing of 7¢f7/2. For intra-mHb siRNA injections in rats, three pooled siRNAs
(ON-TARGETplus siRNA, GE Healthcare Bio-Sciences, Pittshurgh, PA, USA; LQ-107966)
were purchased and diluted to 1 mg/ml with nuclease-free water. To deliver siRNA to the
mHb, we utilized the jetSI 10 mM reagent (Polyplus-transfection, Illkirch, FR) and followed
the manufacturer’s directions with some minor modifications. To prepare siRNA duplexes
for /in vivo delivery, 2.5 pl 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; Sigma-
Aldrich, St. Louis, MO, USA) was added to 10 pl jetSI 10 mM. To this, 7.5 pl of 100%
molecular-grade ethanol (Sigma-Aldrich, St. Louis, MO, USA) was added to create Reagent
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B. 3 ul of Reagent B was added to 7.5 pl filter-sterilized 25% glucose and 27 ul nuclease-
free water to create Reagent C. Reagent C was vortexed vigorously and incubated at room
temperature for 10 min. Separately, the siRNA tube was prepared. To this tube, 2.8 pl of
siRNA (control or 7¢f7/2), 1.25 pl 25% filter-sterilized glucose and 2.2 pl nuclease-free
water were added for a total volume of 6.25 pl and vortexed gently. 6.25 ul of Reagent

C was added to the siRNA tube preparation and immediately vortexed for 10 sec. The
mixture was incubated for 30 mins at room temperature to allow siRNA duplex formation.
After this incubation, the prepared solution was injected into animals within 30 min. 1 pl
(~0.22 ug pl~1) of siRNA duplex was infused through bilateral cannulae-injector system
(PlasticsOne, Wallingford, CT, USA) directed toward the mHb as described above. To
knock down G/pIrtranscripts in mHb, rats were anesthetized with an isoflurane (1-3%)/
oxygen vapor mixture and positioned in a stereotaxic frame (Kopf Instruments, Tujunga,
CA, USA). The incisor bar was set to the “flat-skull’ position. Rats were injected with
AAV1-sh-Glp1r-GFP or AAV1-GFP virus particles (titer = ~5 x 1012) according to the
following stereotaxic coordinates: For bilateral mHb injections; flat skull, 10° angle toward
midline; AP: 3.2 mm from bregma; ML: £1.35 mm from midline; DV: 5.3 mm from skull
surface. During microinjections, the injector needles extended into mHb and virus particles
were administered in a volume of 0.3 pl and at a rate of 0.1 pl per minute. The injector
needle remained in place for 2 min after injection. Animals were allowed to recover for at
least 72 h, during which time they were administered post-surgery antibiotic and analgesic.
For intra-MHDb drug infusions, guide cannulae (PlasticsOne, Wallingford, CT, USA) were
implanted as follows: flat skull; 10° angle toward midline; AP: —3.2 mm from bregma; ML.:
+1.4 mm from midline; DV: —=3.3 mm from skull surface. Guide cannulae were encased

in dental acrylic to attach to the skull surface and hold in place. Animals were allowed to
recover for at least 72 hr, during which time they were administered post-surgery antibiotic
and analgesic. During microinjections, the injector system (PlasticsOne, Wallingford, CT,
USA) was designed to extend 2 mm below the tip of the cannula for placement into the
MHDb. Here, Ex-4 (or vehicle) was administered in a volume of 0.5 pl and at a rate of 0.333
ul per min. The injector needle remained in place for a minimum of 2 min after injection to
allow for diffusion and to prevent backflow into the cannulae. Ex-4 was dissolved in sterile,
0.1M PBS. For intra-IPn drug infusions (Dkk1 and XAV939), rats were anesthetized with
an isoflurane (1-3%)/oxygen vapor mixture and guide cannulae (PlasticsOne, Wallingford,
CT, USA) were implanted as follows: flat skull; 10° angle toward midline; AP: —=5.2 mm
from bregma; ML: +1.5 mm from midline; DV: —=7.2 mm from skull surface. Guide cannula
were encased in dental acrylic to attach to the skull surface and hold in place. Animals were
allowed to recover for at least 72 h, during which time they were administered post-surgery
antibiotic and analgesic. During microinjections of Dkk1 and XAV939, the injector needles
were designed to extend 2 mm below the tip of the cannula for placement into the IPn

and drug was administered in a volume of 0.5 pl and at a rate of 0.333 pl per min 30 min
before the start of the experiment (100 ng/uL Dkk1 and 10ug/uL XAV939). The injector
needle remained in place for a minimum of 2 min after injection to allow for diffusion

and to prevent backflow into the cannula. All drugs were all dissolved in 0.1 M PBS

unless otherwise noted. For ex vivo CREB luciferase imaging, 7cf7/2"7 and Tcf7/I2™ male
rats were anesthetized with 1-3% isoflurane and positioned in a stereotaxic frame (Kopf
Instruments). Each rat received a bilateral injection of the CREB-reporter (PGF1-CREB;
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300nL) virus targeting the medial habenula (coordinates from bregma: AP: —=3.6 mm from;
ML, £ 1.2; DV, —4.5 mm from the surface of the brain. The injector was set at 10° from
midline). Animals were permitted at least four weeks to recover and allow time for reporter
expression prior to ex vivo imaging experiments.

Rats were placed in an 80 x 80 cm Plexiglas chamber, and distance traveled was measured
by live automated tracking using an overhead CCD camera and Ethovision software (Noldus
Information Technology, Leesburg, VA). Sessions were 60 minutes long, and all testing was
performed during the animals’ active/dark phase under red light. Rats were first tested naive
to the open field. On each successive day, 15 minutes prior to testing they were injected
subcutaneously with saline (days 1, 2, 6, 7) or 0.4 mg/kg nicotine (days 3, 4, 5). One cohort
of animals was tested before and one cohort was tested after undergoing nicotine intravenous
self-administration.

nicotine self-administration

Mice and rats were mildly food restricted to 85-90% of their free-feeding body weight

and trained to press a lever in an operant chamber (Med Associates, St. Albans, VT) for
food pellets (20 mg pellets mice; 45 mg food pellets rats; TestDiet, Richmond, IN) under

a fixed-ratio 5, time out 20 sec (FR5TO20 sec) schedule of reinforcement prior to catheter
implantation. Once stable responding was achieved (>20 pellets per session in mice; >50
pellets per session in rats), subjects were catheterized as described above. The animals
were allowed at least 48 h to recover from surgery, then permitted to respond for food
reinforcement again under the FR5TO20 sec schedule. Once food responding criteria was
reestablished, subjects were permitted to acquire intravenous nicotine self-administration by
autoshaping during 1 h daily sessions, 7 days per week. Nicotine was delivered through
the tubing into the intravenous catheter by a Razel syringe pump (Med Associates). Each
nicotine self-administration session was performed using 2 retractable levers (1 active, 1
inactive) that extend 1 cm into the chamber. Completion of the response criteria on the
active lever resulted in the delivery of an intravenous nicotine infusion (0.03 ml infusion
volume for mice; 0.1 ml for rats). Responses on the inactive lever were recorded but had no
scheduled consequences. For dose-response studies (fixed and progressive ratio schedules),
animals were presented with each dose of nicotine for at least 3 days; the mean intake over
the last 2 sessions for each dose was calculated and used for statistical analysis. Nicotine
doses were presented according to a within-subjects Latin square design. In between each
dose, subjects were placed back on the training dose for at least 2 days or until their intake
returned to baseline levels before being tested on the next dose in the Latin-square design.

Blood sampling and collection

For blood glucose sampling (self-administration, oral glucose and fasting experiments), the
Contour Blood Glucose Monitoring System (Bayer HealthCare LLC, Mishawaka, IN, USA)
including meter and testing strips was used. The site of blood collection (end of the tail)
was sterilized with 70% ethanol. A small blood sample, ~0.5 pl, was obtained by nicking
the tail vein with a 22-gauge needle. After blood sampling, the site was cleaned with 70%
ethanol. For ELISAs, the end of the tail was sterilized with 70% ethanol and nicked with
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a razor blade and ~300 pl blood was collected in tubes containing EDTA (RAM Scientific,
Nashville, TN, USA) and 500 KIU/ml aprotinin (Sigma-Aldrich, St. Louis, MO, USA). To
obtain serum, blood samples were allowed to clot for 30 min on a rocker, spun at 1,000 x
g at 4°C for 10 min and aliquoted into separate tubes. Samples that displayed significant
hemolysis were excluded from analysis. Samples were stored at —80 °C until processing.

Retrograde tracing with pRV-GFP

We used retrograde neuronal tracer pseudorabies virus expressing green fluorescent protein
(pRV-GFP) to identify CNS regions innervating pancreas. Stock of pRV-152 encoding
GFP210 was prepared to concentrations of 3.4 x 108 pfu ml~1 and stored at —80 °C until
use. Injection of pRV-152 (~500 nl) was performed in anesthetized mice over 30 sec using
a Hamilton syringe fitted with a 30G1/2 needle, with the needle was left in place for 1 min
after injection to allow for diffusion.

Fasting blood sugar test

Rats were food restricted for 4 or 16 h, with water maintained ad /ibitum. To sample fasting
blood sugar levels, a small blood sample was obtained as described above.

Oral glucose tolerance test (OGTT)

Prior to the OGTT, rats were food restricted for 16 h, with water ad /ibitum. A baseline
blood sample was obtained at the end of the fasting period, as described above. A bolus of
glucose (1 g kg-1; 40% glucose solution, in water) was administered to rats by oral gavage.
Blood sugar was sampled at 30, 60 and 120 min following the glucose bolus.

Measurements of circulating glucagon and insulin

Blood collection was performed as described above. Levels of glucagon and insulin were
measured from serum using the Mouse/Rat Total Active Insulin/Glucagon Multi-Spot
Assay System with a Sector Imager 2400 (Meso Scale Discovery, MD, USA) per the
manufacturer’s instructions.

Statistical analyses

Animal sample size was justified by previously published data or preliminary experiments.
Data distribution was assumed to be normal, but this was not formally tested. All
experiments animals with the same genotype were randomly allocated to experimental
groups. For self-administration experiments, animals that did not achieve stable levels of
intake (<20% variation in intake across three consecutive days) or that took less than <5
nicotine infusions on average across sessions were excluded from experiments. Male and
female 7cf7I2WT and Tcf7/2™ rats were used in nicotine self-administration experiment.
All data were analyzed two-sided t-test or by one-, two- or three-way analysis of variance
(ANOWVA) as appropriate using GraphPad Prism software (La Jolla, CA, USA). Significant
main or interaction effects were followed by Bonferroni post hoc tests as appropriate. The
criterion for significance was set at P < 0.05. For all electrophysiological data, results are
shown as the mean + s.e.m.
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Extended data 1. Generation of Tcf712 mutant rats.
a, Schematic of the Rattus norvegicus Tcf7/2 gene. Exons are spliced to generate 7¢f7/2

MRNA (NCBI Reference Sequence: NM_001191052.1). Primers for genotyping and Sanger
sequencing are indicated by arrows flanking exon 5. b, Sequencing chromatograph of the
Tcf7[2 mutant allele. The site of the 169 bp deletion from exon 5 and the following intron

is labelled. c, lllustration of 7c¢f7/2wild-type protein, containing an N-terminal B-catenin
binding domain (blue) and C-terminal DNA binding domain (red). Predicted open reading
frames and truncated proteins generated from the 7¢f7/2 mutant mRNA. Green regions on
predicted truncated proteins denote ectopic amino acid sequences not found in wild-type
Tcf712 protein. d, Genotyping of Tcf7/2%7T and Tcf7/27 rats: wildtype animal (+/+) with
single band at 304 bp; heterozygous animal (+/=) with bands at 304 and 144 bp; and mutant
animal (/=) with a single band at 144 bp. Image is representative of genotyping results
obtained for 7cf7/2%T and Tef7I2™ rats used each experiment. e, Graphical representation
of mHb in coronal slice of rat brain. Image adapted from the Allen Brain Reference Atlas.

f, Nissl staining showed similar mHb volumes in 7c7I2%T and Tcf7/2M rats. Image is
representative of results obtained in 3 biologically independent animals from each genotype.
g, Diffusion tensor imaging (DTI) tractography of the fasciculus retroflexus in 7cf7/2%7
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(=3) and Tcf7/2™ (n=5) rats. h, Fractional anisotropy (FA) (z s.e.m.) showed bilateral
similar integrity (left and right sides) of the fasciculus retroflexus in 7¢f7/2%7 (7=3) and
Tcf7[2ML (n=5) rats; Genotype. F @, 6=0.000003; P=0.99; Brain side. F (1, 6) = 2.562,
p=0.16; Genotype x Brain side: F (1, ¢) = 0.0007, p=0.98. i, The frequency at different steps
of positive current used to calculate the slope of the input-output curve from dorsal mHb
neurons. Example traces showing typical current steps at =20, 0 and 40 pA in dorsal mHb
neurons from 7cf7/2%7 and Tcf7/2™ rats. j, Input-output curve (mean + s.e.m.) in dorsal
mHb neurons from 7¢f7/2%7, and Tcf7/2™ (n=16 cells from 5 rats) rats. k, The frequency
at different steps of positive current used to calculate the slope of the input-output curve
from ventral mHb neurons. I, Input-output curve (mean % s.e.m.) in ventral mHb neurons
from Tcf7I2WT and Tcf7/2™ (n=16/5) rats. m, Input resistance (mean + s.e.m.) from mHb
neurons from 7¢f7/2%7 (13 cells from 4 rats) and 7cf7/2™4! (16/5) rats; p=0.1036, unpaired
two-tailed t-test. n, Afterhyperpolarization (mean + s.e.m.) in mHb neurons from 7cf7/2WT
(13/4) and Tcf7/2™ (16/5) rats; P=0.3043, unpaired two-tailed t-test. o, Sag current (mean
+s.e.m.) in mHb neurons 7cf7/2WT (13/4) and Tcf7/2™ (17/5) rats; p=0.1386, unpaired
two-tailed t-test. p, Total distance traveled (mean + s.e.m.) by drug-naive 7cf7/2%7 (=6)
and 7¢f7/2™1 (n=5) rats during a 60 min session. g, Total distance traveled (mean + s.e.m.)
by Tcf7I2%T (n=6) and Tcf7/2™ (n=5) rats after daily saline or nicotine (0.4 mg kg™1)
injections (15 min pretreatment time). r, Responding for the training dose of nicotine (0.03
mg/kg/inf) (mean + s.e.m.) was assessed in a group of 7¢f7/2%7 (n=9) and Tcf7/2m4t
(m=11) rats on day 1 and day 35 of access. Nicotine responding was similar between the of
Tcf7I2WT and Tef7/2™ rats on day 1 of access, but 7¢f7/2™ ! rats escalated their intake
such that such that there responding was higher that on day 35 compared with 7cf7/2WT
rats, and compared with their own intake on day 1 (F(q, 1) = 30.8, ****p<0.0001, interaction
effect between Genotype and Session in two-way ANOVA). Box plot shows min-max range.
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Extended data 2. CRISPR cleavage of Tcf712.
a, Exon diagram of mouse 7c¢f7/2with the two pertinent domains highlighted and the

SgRNA targeting locus. b, Bioinformatic comparison of the 5 different sSgRNAs tested

against 7¢f7/2. MM = mismatches. ¢, Genomic cleavage percentage (mean £ s.e.m.) in

N2A cells of the 5 sgRNASs targeted against 7¢f7/2. Data represent /=3 biologically

independent samples. d, T7-endonuclease-based assay illustrating intact PCR and cleaved

bands of 7c¢f7/2via CRISPR gene editing. Observations are from a single experiment.

€

dTomato expression in N2A cells 48 h following transduction of the AAV carrying sgRNA
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against 7¢f7/2 (AAV:ITR-U6-sgRNA(Tcf712)-pCBh-dTomato-WPRE-hGHpA-ITR). Data
are representative of three biologically independent samples. f, Relative expression of 7c¢cf7/2
transcripts (mean % s.e.m.) in the N2A cells transfected with (AAV:ITR-U6-sgRNA(Tcf712
or eGFP)-pCBh-dTomato-WPRE-hGHpA-ITR) and AAV-CMV-spCas9 (Vector Biolabs, PA,
USA). ***p<0.001, unpaired two-tailed t-test. Data represent /=5 biologically independent
samples for each gRNA. g, Relative mRNA expression of habenular 7¢f7/2 (mean

+ s.e.m.) 6 weeks after viral stereotaxic injections of AAV:ITR-U6-sgRNA(eGFP or
Tcf712)-pCBh-dTomato-WPRE-hGHpA-ITR or AAV2-hSyn1-WPRE-iCre into the mHb of
Rosa26l-SL-spCas9-eGFP mice. Data represent /=4 biologically independent samples for each
gRNA. h, /n vivo estimation of genomic cleavage of habenular 7¢f7/2 (mean + s.e.m.) 6
weeks following viral stereotaxic injection of AAV:ITR-U6-sgRNA(eGFP or Tcf712)-pCBh-
dTomato-WPRE-hGHpA-ITR and AAV2-hSyn1-WPRE-iCre in Rosa26-SL-spCas9-eGFP
mice. Genomic cleavage efficiency was estimated by average re-annealed mismatches

in a T7 endonuclease assay. ***P<0.001, unpaired two-tailed t-test. Data represent /7=3
biologically independent animals for each gRNA. i, Left panels: Representative DAPI-
counterstained brain slice showing Cas9-eGFP (green) and 7¢f7/2-gRNA (red) targeted

to the mHb of LSL-spCas9-eGFP mice. Right panel: Whole image of brain slice from
which left panels are derived. Representative result from /7=3 mice. j, Medial habenula

from Rosa26-SL-spCas9-eGEP mice injected with AAV-sgRNA-eGFP (/=6 independent mice)
or AAV-sgRNA- 7cf7/2 (n=T7 independent mice) was dissected and DNA amplicons of
targeted region of 7c¢f7/2sequenced. Percentage of indels (x s.e.m.) detected in the targeted
region of 7¢f7/2is shown. ****P<0.0001, unpaired two-tailed t-test. Coronal brain image
adapted from the Allen Brain Reference Atlas. k, Donut graph showing Cas9-induced
modifications to Tcf712 in mHb of Rosa26-SL-pCas9-eGFP mice treated with AAV-sgRNA-
Tcf712 (percental of total amplicons sequenced). A total of 13 amplicons (/7=6 from
AAV-sgRNA-eGFP-treated mice and =7 from AAV-sgRNA- 7cf7/2-treated mice) were
sequenced.
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Extended data 3. M echanism by which Tcf712 regulatesnAChR function.
a, Effects of intra-mHb infusion of vehicle or Ex-4 (12.5, 100 nM) on nicotine intake

(mean +s.e.m.) in rats (7=10); F(1 696, 15.26) = 38.3, <0.0001, one-way repeated measures
ANOVA; **p<0.01, ***p<0.001, Bonferroni’s multiple comparisons test). b, Effects of
intra-mHb infusion of vehicle or Ex-4 (100 nM) on the latency (mean * s.e.m.) to earn

the first and second nicotine infusion of a self-administration session in rats (7= 10); F

(1, 29)=311.4, p<0.0001, main effect of /nfusion number, F (1, 29y = 125.4, p<0.0001, main
effect of Ex-4, F (1, 29) = 126.5, ****p<0.0001, interaction effect; two-way ANOVA). c,
Numbers of animals (/=10 in total) that responded for the first and second nicotine infusion
of a self-administration session after intra-mHb infusion of vehicle or Ex-4 (12.5, 100 nM).
d, Effects of intra-mHb infusion of vehicle or rDKK1 (100 ng/side) on nicotine intake
(mean + s.e.m.) in rats (/7=11); p=0.45; unpaired two-tailed t-test. e, Effects of intra-mHb
infusion of vehicle or XAV939 (12.5 ng/side) on nicotine intake (mean + s.e.m.) in rats
(r=10); p=0.29; unpaired two-tailed t-test. f, Effects of intra-mHb infusion of vehicle or
insulin (12.5 ng/side) on nicotine intake (mean * s.e.m.) in rats (7=13); p=0.29; unpaired
two-tailed t-test. LiCl (g) and CA-B-catenin (h), but not nicotine (i), increased the GFP
relative to mCherry expression (mean * s.e.m.) in PC12 cells transfected with the 7xTcf-
eGFP//SV40-mCherry (7TGC) Tcf712 reporter. Data reflect results from two independent

Nature. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duncan et al.

Page 24

experiments. j, Levels of B-catenin phosphorylated at serine residue 675 or 552 (mean +
s.e.m.) in rat PC12 cells after forskolin, Wnt3a or nicotine treatment. Data reflect results
from two independent experiments. k, LacZ expression (mean + s.e.m.) in the mHb in the
mHb of BAT-GAL B-galactosidase reporter mice after nicotine injection. Data reflect results
from two independent animals in each group. I, Expression levels of Tcf712 (~69 kD) in
the habenula were measured by Western blotting in rats that responded for intravenous
nicotine infusions (0.18 mg kg~ per infusion; 7=12) or food rewards (/=12). Each lane
contains pooled tissues from /=3 animals. Experiment was performed on a single occasion.
For uncropped gel image, see Supplementary Figure 1. m, siRNA-mediated knockdown

of Tcf712 attenuated intracellular calcium transients (mean + s.e.m.) induced by nicotine
(20 nM-320 uM) in HEK cells heterologously expressing a5a4p2 nAChRs. Two-way RM
ANOVA,; siRNA: F(1, 4= 63.38, £<0.005; Nicotine. F(15, 60)=1388, £<0.0001; S/RNA x
Nicotine: F(15, 60y=20.89, ***F<0.0001; Bonferroni post hoc test after interaction effect

in two-way ANOVA. Representative result from three experiments. n, 8Rb* efflux (mean
+s.e.m.) from synaptosomes generated from IPn tissues derived from 7¢f7/2%7 (1=6)

and 7cf7/2M (1=6) rats. F(1,39)=4.267, *p=0.045; Shift in EC5q between genotypes using
comparison of fits in a non-linear fit model. o, Pharmacologically isolated nAChR currents
(normalized; £ SEM) evoked by nicotine (0.1 Hz application) in mHb neurons from wild-
type rats (/=3 cells from 1 rat) were rapidly and completely blocked by bath application

of mecamylamine (10 UM); F (1 335, 2.670)=332.5; A<0.001; one-way repeated measures
ANOVA. p, Baseline nAChR currents (mean = s.e.m.) in mHb neurons from 7cf7/2WV7
(=13 cells/4 rats) and Tcf7/2™1 (=15 cells/4 rats) rats. 2= 0.8180, unpaired two-tailed
t-test. g, NAChR current decay time (mean £ s.e.m.) after nicotine stimulation (0.1 Hz)
before and after nicotine (1 Hz) induced desensitization in mHb neurons from 7cf7/2WT
(=13 cells/4 rats) and Tcf7/2™ (=9 cells/4 rats) rats; = 0.7133, unpaired two-tailed
t-test. r, Slope of nAChR current decay (mean + s.e.m.) after nicotine stimulation (0.1 Hz)
before and after nicotine (1 Hz) induced desensitization in mHb neurons from 7cf7/2WT
(=13 cells/4 rats) and Tcf7/27 (n=9 cells/4 rats) rats; £=0.645, unpaired two-tailed t-test.
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Extended data 4. Genesregulates by Tcf712 in the mHb.
a, Quantitative real-time PCR analysis Akgpdtranscript levels (mean + s.e.m.) in the mHb

of Tef7I2WT (n=8) and Tcf7/2™ (n=T7) rats; and Arhgap5 transcript levels (mean + s.e.m.)
in mHb of 7cf7I2WT (7=5) and Tef7I2ME (n=T) rats; *** P<0.001, unpaired two-tailed t-test.
b, Quantitative real-time PCR analysis of a5, a3 and p4 nAChR subunit expression (mean +
s.e.m.) in the mHb of Tcf7/I2W7 (n=5) and Tcf7/I2™ (n=8) rats. ¢, Top 15 most abundantly
expressed genes in the mHb of 7cf7/2%7 rats that show differential downregulation in the
mHb of Tcf7/2™ ! rats (n=9 animals per genotype). Genes are organized in descending

order according to the baseline expression levels in 7cf7/2"7 rats. BaseMean, mean of
normalized counts for all samples; log2FoldChange, log2 fold change of down-regulated
gene expression in mHb 7¢f7/2™ rats compared with 7cf7/2W7 rats; IfcSE, standard error
of log2 fold change; stat, Wald Chi-Squared Test) of normalized counts for gene transcript in
Tcf7I2M rats versus with 7cf7/2W7 rats; pval, uncorrected Wald test p value; padj, p value
adjusted for multiple testing using Benjamini-Hochberg to estimate the false discovery rate.
Knockdown of PAFAHIBL1 (d), NDFIIP1 (e), ARHGAPS (f), HNRNPU (g), or AKAP9 (h),
mRNA transcripts using a pool of validated siRNAs had no effects on nicotine-stimulated
increases in [Ca2*], (mean + s.e.m.) in HEK cells stably expressing a5a4f2 nAChRs. Data
represent /=3 biologically independent samples.
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Extended data 5. Tcf712 regulates cAM P signaling in PC-12 cells.
a, Expression of dnTcf712 in PC12 cells reduced the activity (+ s.e.m.) of a CAMP-

responsive luciferase reporter (EVX-1 luciferase). ***P<0.001, unpaired two-tailed t-test.
Data represent biologically independent samples from cells transfected with mCherry (7=7)
or dnTcf712 (n=8). RFU, relative fluorescent units; FFL, firefly luciferase; RL, renilla
luciferase. b, dnTcf712 reduced baseline and Ex-4-induced increases in a CAMP-responsive
reporter assay in PC-12cells; F(1, 10)=19.16, **p<0.0014, main effect of an7cf7/2, F(y, 10) =
21.31, p=0.001, main effect of Ex-4; F(1 10) = 0.027, p=0.87, dnTcf7/2x Ex-4 interaction;
two-way ANOVA. Data represent biologically independent samples from control cells (/=3
samples), control cells treated with exendin-4 (7=3 samples), cells transfected dnTcf712

(=4 samples) and cells transfected dnTcf712 and treated with exendin-4 (7=4 samples). c,
dn-Tcf712 reduced baseline and Ex-4-evoked increases in EVX-1-luciferase in INS-1 cells,
an immortalized rat pancreatic B cell line that constitutively expresses GLP-1 receptors.
Data represent results from a single experiment. d, CAMP content (mean + s.e.m.) of mHb,
IPn and hippocampus (hipp) were analyzed in tissues from 7cf7/2W7T and Tcf7/2™ rats.
Each sample contained mHb tissue from three animals, and data are from four independent
samples were analyzed for a total of 12 animals per genotype. e, Vector map for the pGF-
CREB-mCMV-dscGFP-P2A-luciferase (CREB reporter) lentivirus. f, Brain slices containing
the mHb from 7¢f7/2%T and Tcf7/2™/ rats injected with CREB reporter lentivirus into mHb
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and injected with luciferin just before brain collection. g, Exendin-4 increased luciferase
activity (mean = s.e.m.) in mHb of 7¢f7/2W7 rats (n7=3) but not Tcf7/2™ rats (r=4). F @ 11)
=9.398, p=0.0107, main effect of Genotype; F (6, 66) = 7.945, ***p<0.0001, interaction
effect between Genotype and Exendin-4, Two-way repeated-measures ANOVA. h, Pre-
incubation (30 min) of HEK cells stably expressing a5a4f2 nAChRs with nicotine (0.1-

10 uM) decreased the ability of acetylcholine (0.1 mM) to stimulate increases in [Ca2™],
(mean +s.e.m.); F (3, 12) = 188.1, p<0.0001, main effect of Nicotine on one-way ANOVA.
Data represent /=4 independent experiment. i, 8-Br-cAMP (100-500 uM) attenuated the
inhibitory effects of nicotine (0.1 uM) preincubation (30 min) on acetylcholine (0.1 mM)
evoked in increases in [Ca2*]; (mean % s.e.m.) in a5a4B2 nAChR HEK cells; F @, 24) =
41.20, p<0.0001, main effect of cAMP in two-way ANOVA. Data represent /=5 independent
experiments.
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Extended data 6. Hyperglycemic actions of nicotine.
a, Venn diagram of differentially upregulated genes in the hippocampus, mHb and IPn of

Tcf7I2M rats compared with 7cf7/2W7 rats. b, KEGG analysis of differentially upregulated
genes identified processes relevant to glucose metabolism as those most likely to be
perturbed in the mHb of 7cf7/2™ rats (7=9) compared with 7cf7/2%7 rats (1=9). Fisher
exact test. ¢, Blood glucose (mean + s.e.m.) was measured before (T0) and 30 min after
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(T30) rats (/=7) were injected with saline or nicotine (1 mg kg™1); F @,13) = 52.3,
***n<0.0001, interaction effect between Nicotine and 7ime,; Two-way repeated-measures
ANOVA. d, Oxycodone (2.5 mg kg™1) or cocaine (20 mg kg™1) injection had no effects

on blood glucose (mean + s.e.m.) in rats (7=36). e, Chrna5-Cre mice were injected into

the IPn with FLEX-GFP (/7=3) or FLEX-hM3Dg-mCherry (/=9). Image adapted from the
Allen Brain Reference Atlas. f, Blood glucose (mean + s.e.m.) was measured in both groups
of mice before and 30 min after injection of CNO (1 mg kg™1); **/<0.0051, unpaired two-
tailed t-test. g, Tcf712 mRNA levels (mean + s.e.m.) were reduced in the mHb of rats after
shRNA-mediated knockdown of G/pr1 transcript expression. **P<0.0051, unpaired two-
tailed t-test. h, Atenolol abolished the hyperglycemic response to experimenter-administered
nicotine injection (1 mg kg™1) in rats (7=8): Atenolol, F (3, 25) = 43.54, p<0.0001; 7ime,
F(2.406, 60.15) = 48.69, p<0.0001; Atenololx Time interaction F (g 75) =26.88; ***p<0.0001;
two-way ANOVA. i, IC1118,551 abolished the elevations in blood glucose (mean £ s.e.m.)
induced by experimenter-administered nicotine injection (1 mg kg™1) in rats (/=8): Nicotine,
F (1,7)=50.83, p=0.002; /C/118,551, F(, 7) = 13.17, p=0.0084; /C/118,551 x Nicotine
interaction F (1 7y = 27.75, **p=0.0012; two-way repeated-measured ANOVA. j, Atenolol
abolished the elevations in blood glucose (mean * s.e.m.) induced by CNO (3 mg kg™1)

in rats (/=8) expressing FLEX-hM3Dq in the mHb-IPn circuit. CNO, F (1, g) = 213.0,
p<0.0001; Atenolol, F (1 g = 27.00, p=0.0008; CNO x Atenolol interaction F (1 g) =

255.5, ***»<0.0001; two-way repeated-measures ANOVA. k, Immunostaining for insulin
(left panels), glucagon (middle panels) and their overlap (right panels) in mice treated
acutely with saline (upper panels; 7=3) or nicotine (0.5 mg kg~1; lower panels; 7=3).
Quantification of insulin intensity (1), insulin relative area (m), glucagon intensity (n) and
glucagon relative area (0) (mean + s.e.m. in all cases) in pancreatic islets from the saline
(m=3)- and nicotine (/7=3)-treated mice; **P=0.0059, ***p<0.001 t-test, unpaired two-tailed
t-test. Image is representative of results obtained in from 3 biologically independent animals
in each treatment group.
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Extended data 7. Chemogenetic stimulation of the habenula.
a, Rats were injected with AAV-retro-Cre into IPn and FLEX-GFP or FLEX-hM3Dg-

mCherry into mHb. mCherry-positive cells were detected in mHb, confirming that virus
targeting was effective. b, CNO (10 uM) had no effects on the relative spike frequency
(mean * s.e.m.) of mCherry-negative cells (/7=4 cells/2 rats). ¢, CNO (10 uM) increased

the relative spike frequency (mean + s.e.m.) of mCherry-positive cells (=4 cells/3 rats);
*p=0.0124, unpaired two-tailed t-test. d, Nicotine (1 uM) increased the relative spike
frequency (mean + s.e.m.) of mHb neurons by a magnitude similar to that seen in mCherry-
positive neurons after CNO treatment (/7=6 cells/3 rats). *0=0.042, unpaired two-tailed t-test.

Nature. Author manuscript; available in PMC 2023 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Duncan et al.
Ay
af W)
.'\ s\‘\_
2 . _./r_\ o
pRV-GFP
Pancreas u
|
a b

Page 30

e o Hypothalamus Cortex

{.,-""-\

\

pRV-GFP
Pancreas u ' NTS
Substantia nigra .
" =, Medial habenula Hypothalamus
\\
Liver

NTS

Extended data 8. pRV mapping of polysynaptic projections from brain to pancreasand liver.
a, ¢ Images of a pRV-GFP-labelled cells (indicated by white arrows) and fibers in the

mHb. Fr = fasciculus retroflexus. b, d Representative images of pRV-GFP-labelled IPn
neurons (indicated by white arrows). e, Images of GFP-labelled cells in hypothalamus,
cortex, substantia nigra and nucleus of the solitary tract (NTS) after pancreas injection of
pRV-GFP. r, Images of a GFP-labelled cells in hypothalamus, ventral tegmental area (VTA)
and NTS after liver injection of pRV-GFP. Note the absence of GFP-positive cells in the
medial habenula. Images are representative of results obtained from 3 separate experiments.
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Extended data 9. Consequences of hyperglycemic actions of nicotine.
a, Effects of glucose (1 mg kg1, V) on nicotine (0.03 mg kg™ per infusion) intake (mean

+s.e.m.) in rats (7=15). b, Effects of glucose (1 mg kg2, V) on nicotine (0.12 mg kg™t

per infusion) intake (mean + s.e.m.) in rats (/=16). ¢, Effects of glucose (2 mg kg~1, PO)

on nicotine (0.12 mg kg~ per infusion) intake (mean + s.e.m.) in rats (#=16). d, Effects of
glucagon (0.2 mg kg1, 1) on nicotine (0.12 mg kg™! per infusion) intake (mean + s.e.m.)
in rats (/=5). e, Atenolol (10 mg kg™1) delivered prior to the self-administration on three
consecutive days did not alter nicotine (0.12 mg kg~ per infusion) intake (mean # s.e.m.)
in rats (/7=8). f, Scatterplots of average TRAP IP samples from sucrose-drinking (y axis;
=28) versus IP samples from sucrose-naive (x axis; 7=8) CAATPYWI67 mice representing
increased (>0.5 log, fold change, magenta) or decreased (less than —0.5 log, fold change,
blue) levels of transcripts undergoing translation (tissues from /7=4 mice were pooled for
each sample; 7 samples from sucrose-drinking and 2 samples from sucrose-naive mice were
used). Differentially expressed genes were identified by performing a negative binomial test
using DESeq2, with default settings. Significant P values were corrected to control the false
discovery rate of multiple testing according to the Benjamini—-Hochberg procedure at 0.05
threshold and minimum threshold of 0.6 log2 fold change. g, Expression levels (z-score
transformed normalized counts) of the top 50 genes impacted by sucrose consumption

in mHb cholinergic neurons. h, KEGG analysis of differentially upregulated genes in the
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mHb of CHATPWI67 mice described in panel f identified pathways likely to be impacted

in the mHb by sucrose consumption. Fisher exact test. i, KEGG analysis of differentially
downregulated genes in the mHb of CARATPWI67 mice described in panel f identified
pathways likely to be impacted in the mHb by sucrose consumption. Fisher exact test. j, The
frequency of action potentials (mean + s.e.m.) in mHb neurons was unaltered by elevating
the glucose concentrations in the extracellular solution from 12.5 to 30 mM (/=6 cells

from 3 rats). k, Maintaining glucose concentration in artificial cerebrospinal fluid (aCSF)

in the extracellular solution at 12.5 mM did not alter the magnitude of nicotine-evoked
nAChR currents (mean * s.e.m.) in mHb neurons (/=6 cells from 3 rats). |, Increasing

the glucose concentration in the extracellular solution from 12.5 to 30 mM decreased the
magnitude of nicotine (1 uM) evoked nAChR currents (mean + s.e.m.) in mHb neurons (/7=6
cells from 3 rats). *~<0.0121, unpaired two-tailed t-test. m, Blood glucose levels (mean
s.e.m.) measured in rats 24 h after their final nicotine (0.12 mg kg1 per infusion; 7=7)

or saline (r7=8) self-administration session; */<0.0223, unpaired two-tailed t-test. n, Blood
glucose levels (mean + s.e.m.) measured in rats 6 weeks after their final nicotine (0.12 mg
kg~1 per infusion; 7=7) or saline (7=8) self-administration session. *£<0.0371, unpaired
two-tailed t-test. o, Body weights (mean * s.e.m.) in post-saline (/=8) and post-nicotine

rats (7=6) measured 6 weeks after their final self-administration session. p, Fasting blood
glucose levels (mean + s.e.m.) in 7cf7/2W7 (n=14 in total) and Tcf7/2™ (n=14 in total)
rats measured before chronic saline or nicotine injections commenced. g, Circulating levels
(mean * s.e.m.) of glucagon in nicotine-naive 7cf7/2V7 (n=7) and Tcf7/2™ (n=7) rats. r,
Circulating levels of insulin (mean + s.e.m.) in nicotine-naive 7cf7/2WT (n=7) and Tcf7/2m
(n=7) rats. s, Circulating glucagon levels (mean + s.e.m.) in 7¢cf7/2%7 (n=9 in total) and
Tef7I2™ (=10 in total) rats measured before chronic saline or nicotine injections ended;
F, 15) = 4.606), *p<0.0486, interaction effect of Genotype x Nicotine in two-way ANOVA.
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Extended data 10. Proposed mechanism through which Tcf712 regulates the motivational
properties of nicotine and its disruptive effects on blood glucose homeostasis.

Shown is a representation of a mHb neuron projecting to the I1Pn (both in blue), via

the fasciculus retroflexus, and to the pancreas via a polysynaptic pathway. The mHb
neurons expresses NAChRs that are activated by nicotine and that undergo nicotine-induced
desensitization. In Tcf7/2W7 rats, nAChRs rapidly recover from desensitization by a process
involving cAMP signaling. In 7¢f7/2™ rats, cCAMP signaling is compromised, resulting in
persistently desensitized nAChRs and diminished sensitivity of mHb neurons to nicotine.
When mHb neurons are activated by nicotine, IPn neurons are stimulated by mHb-derived
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acetylcholine and glutamate. This triggers nicotine avoidance and a hyperglycemic response,
both of which are attenuated in 7¢f7/2™/ rats. After chronic exposure to the hyperglycemic
actions of nicotine, circulating levels of the pancreas-derived hormones glucagon and insulin
are elevated, resulting in a diabetes-like disruption of glucose homeostasis. This diabetes-
promoting action of nicotine is also attenuated in 7¢f7/2™/ rats.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tcf712 isenriched in medial habenula and regulates nicotine intake.
a, BAC-TRAP from ChATPWI67 mice showed that Tcf712 is highly expressed in habenular

cholinergic cells of mice compared with total habenular input (from /=9 mice for IP; 7=5
for mice Input). b, Example of RNA-seq reads from habenula of CAATPWI67 TRAP mice
aligned to the 7c¢f7/2 gene; observation replicated in subsequent TRAP experiments. c,
RNA-Seq showed that Tcf712 reads (mean £+ S.E.M.) are higher in the mHb (from 7=9
mice) than cortex (/=3 mice), hippocampus (/=3 mice) or striatum (/7=3 mice) of mice
(F3,14=23.6, £<0.001; One-way ANOVA, ***£<0.001 compared with each of the other
brain regions, Bonferroni’s multiple comparisons test). d, Immunofluorescence detection
of Tcf712 (green) in the mHb of ChAT-td'7Tom (red) reporter mice. e, B-Gal activity in the
mHb of BAT-GAL reporter mice (seen independently in 7=3 mice). f, Strategy for deleting
the B-catenin binding domain of the 7¢f7/2 gene using zinc finger nucleases in rats. g,
Responding for nicotine (mean + S.E.M.) was increased in 7cf7/2™/ rats (17=30) compared
with Tef7/2WT rats (7=22) (F(1, 236) = 32.75, ***p<0.0001, main effect of Genotypein
Two-way ANOVA). h, Total nicotine intake (mean + S.E.M.) was increased in Tcf7/2Mt
rats compared with 7¢cf7/2%7 rats (F (1, 103) = 6.72; *p=0.0102, main effect of Genotype
in Two-way ANOVA). i, Responding for food rewards (mean + S.E.M.) was similar in
Tef7I2M and Tef7/2%7 rats (P=0.61, unpaired two-tailed t-test).
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Figure 2. Tcf712 regulates habenular sensitivity to nicotine.
a, CRISPR-mediated cleavage of 7¢f7/2lowers Tcf712 mRNA in N2a cells (from

three independent experiments); ***/<0.001, unpaired two-tailed t-test. b, 7¢f7/2
Cleavage decreases Tcf712 transcriptional activity (from three independent experiments);
*P=0.014, unpaired two-tailed t-test. c, Graphical representation showing delivery of Cre-
expressing and sgRNA-expressing viruses to mHb. d, DAPI-counterstained brain slice
from a ROSALSL-spCas9-eGEP mouse showing GFP- and tdTom-labelled cells in mHb.
Representative result from /=3 mice. e, Responding for nicotine (mean + S.E.M.) was
increased in ROSALSL-pCas-eGFP mice treated with AAV-sgRNA- T¢cf7/2 (7=8) compared
with those treated with AAV-sgRNA-eGFP (1=T) (F (1, 39) = 34.2; ***/<0.0001, main
effect in Two-way ANOVA). f, Total nicotine intake (mean + S.E.M.) was increased in
ROSALSL-5pCas9-eGFP mjce treated with AAV-sgRNA- T¢cf7/2 compared with those treated
with AAV-sgRNA-eGFP (F (1, 13) = 16.98; ***/<0.005, main effect in Two-way ANOVA).
g, Responding for food rewards (mean + S.E.M.) was similar in ROSALSL-5pCas9-eGFP mice
treated with AAV-sgRNA- 7¢77/2 (17=8) compared with those treated with AAV-sgRNA-
eGFP(n=T). h, Graphical representation of rat brain showing cannula above mHb (upper)
and coronal brain slice showing accurate targeting of dye into mHb. i, Confirmation of
siRNA-mediated Tcf712 knockdown using real-time PCR (/=5 biologically independent
control rats; 7=6 biologically independent siRNA rats). ***P=0.0007, unpaired two-tailed
t-test. j, Tcf712 knockdown in mHb increased nicotine (0.03 mg kg1 per infusion) intake
(mean + S.E.M.; /=8 biologically independent rats) (F (2, 26) = 5.03; *P=0.0142; interaction
effect in two-way ANOVA). k, siRNA-mediated knockdown of Tcf712 in mHb increased
nicotine (0.12 mg kg1 per infusion) intake (mean + S.E.M.; /=7 biologically independent
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rats) (F (2, 22) = 7.52; *P=0.0007; interaction effect in two-way ANOVA). |, Graphical
representation of angled brain slice containing the mHb, fasciculus retroflexus (Fr) and

IPn (upper panel) and representative brain slice showing position of pipettes for nicotine
delivery and recording (lower panel). m, Representative traces of SEPSCs recorded in IPn
neurons from 7cf7I2WT and Tcf7/2™ rats after delivery of nicotine to mHb neurons. n,
Nicotine-induced increases in SEPSCs frequency (mean + S.E.M.) were lower in IPn of
Tcf7I2M rats compared with 7cf7/2W7 rats (F (1, 16) = 8.08; *P=0.0118, interaction effect
in Two-way ANOVA). o, Nicotine did not alter the amplitude of SEPSCs (mean + S.E.M.) in
IPn of Tcf7I2T or Tcf7I2M rats.
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Figure 3. Tcf712 regulates habenular nAChR function.
a, Representation of recording sites in mHb (upper) and protocol for nicotine delivery

(lower). Image adapted from the Allen Brain Reference Atlas. b, Relative nAChR-mediated
currents (mean + S.E.M.) in response to low (0.1 Hz; Pre), high (1 Hz), then low

(0.1 Hz; Post) frequency nicotine (30 pM) pulses in mHb neurons from 7cf7/2W7 (10

cells from 4 animals) and 7cf7/2™/ (11 cells from 4 animals) rats (F (31, 558) = 5.42;

*** P<0.001, interaction effect in Two-way ANOVA). Dotted lines identify time-points at
which representative traces shown in panel ¢ were collected. ¢, Representative nAChR
current traces in mHb neurons from 7cf7/I2WT and Tcf7/2™ rats evoked by nicotine before
(Pre) and after (Post) high-frequency nicotine pulses to desensitize NAChRs. d, Heatmap of
RNA-Seq expression data from the hippocampus, mHb and IPn of 7¢cf7/2%7and Tcef7/2m!
rats (/=9 animals per genotype). Displayed are 600 most differentially expressed genes
clustered according to brain region. Data are log transformed and z-scored (shown in scale).
e, Venn diagram of differentially downregulated genes in the hippocampus, mHb and IPn.
f, KEGG analysis of differentially downregulated genes suggests that CAMP signaling is
likely to be perturbed in mHb of 7¢f7/2™ rats (9 animals per genotype); Fisher exact

test. g, Representation of NAChR in the closed (inactive) conformation, nicotine-induced
stabilization of the open (active) confirmation, and entry into a desensitized state from
which cAMP facilitates recovery. h, cAMP content of mHb tissues (mean + S.E.M.)

from Tcf7/2%T and Tcf7/2™ rats treated with PBS or Ex-4 (100 nM) (3 animals per
replicate; 9 animals per genotype); (F (1, g) = 13.08; **P=0.0068, interaction effect in
Two-way ANOVA). i, Relative nAChR-mediated currents (mean + S.E.M.) in response

to low, high and then low frequency nicotine pulses from 7cf7/2W7 (6 cells/4 animals),
Tcf7I2M (6 cells/3 animals) rats, 7cf7/27+8-Br-cAMP (200 uM) (6 cells/3 animals)
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and 7cf7/2™48-Br-cAMP (6 cells/4 animals) neurons. (F (31, 640) = 2.42; ***/<0.0001;
interaction effect in Three-way ANOVA). j, Area under the curve (AUC) of nAChR recovery
from desensitization from time of maximal desensitization (240 sec) to end of the recording
period (840 sec) in mHb neurons from 7¢f7/2%7and Tcf7I2™ rats; (F (1, 20) = 44.1;

*** P<(0.0001; interaction effect Two-way ANOVA). Data are mean (+ S.E.M.) AUC from

6 Tcf7I27 cells (from 3 animals) and 6 7¢f7/2M! cells (from 3 animals). k, Rolipram
decreased nicotine intake (mean + S.E.M.) in ROSALSL-5pCas9-eGFP mijce that received
intra-mHb injections of AAV-sgRNA-7¢f7/2 (F (1, gy = 20.9; ***/<0.0001; interaction effect
in Two-way ANOVA; =5 AAV-sgRNA- 7cf7/2 mice, n=6 AAV-sgRNA-eGFP mice).
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Figure 4. Habenular Tcf712 regulates hyperglycemic response to nicotine.
a, Nicotine elevated fasting blood glucose in rats (F (g, g6) = 13; ***/<0.0001; interaction

effect in Two-way ANOVA; =8). b, Self-administration of the standard dose of nicotine
(0.03 mg kg~ per infusion) did not alter blood glucose levels in rats (7=15). c, Self-
administration of a higher nicotine dose (0.12 mg kg™ per infusion) elevated blood

glucose in rats (/7=6). **P=0.0092, two-tailed paired t-test. d, Graphical representation of
rat brain showing strategy to chemogenetically stimulate the mHb-1Pn circuit. Retro-AAV-
Cre was delivered into the IPn and Cre-dependent FLEX-hM3Dq (n=5) or FLEX-GFP
(n=5) was delivered into the mHb. e, Clozapine-A-oxide (CNO) (3 mg kg1) increased
activity of the mHb-1Pn circuit of rats expressing FLEX-hM3Dq but not in those expressing
FLEX-GFP, reflected by changes in BOLD signal measured by fMRI. Experiment was
performed on a single occasion. Coronal brain image adapted from the Allen Brain
Reference Atlas. f, CNO injection elevated fasting blood glucose levels in rats expressing
FLEX-hM3Dq (/=5 rats) compared with those expressing FLEX-GFP (/=5 rats); F (1, g

= 85.2; ***P<(0.0001; interaction effect in Two-way ANOVA. g, Intra-mHb infusion of
Ex-4 (100 ng) enhanced the hyperglycemic response to self-administered nicotine in rats
(n=10); F (1, 21) = 8.39; **P=0.0086; interaction effect in Two-way ANOVA. Box plot shows
min-max range. h, Knockdown of G/pZrtranscripts in mHb abolished the hyperglycemic
response to self-administered nicotine infusions in rats (7=6 per virus); F (1, 10) = 5.15;
*P=0.0466; interaction effect in Two-way ANOVA. Box plot shows min-max range. i,
Tcf712 knockdown in mHb abolished the hyperglycemic response to self-administered
nicotine in rats (7=10); F (1, 1g) = 18.6; ***/<0.001; interaction effect in Two-way ANOVA.
Box plot shows min-max range. j, Atenolol abolished the hyperglycemic response to self-
administered nicotine in rats (/=7); F (1, 12) = 19.8; ***/<0.001; interaction effect in Two-
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way ANOVA. Box plot shows min-max range. k, Graphical representation of strategy to
trace polysynaptic inputs from the mHb-IPn circuit to the pancreas in ChAT-tdTom reporter
mice. |, Image of a pRV-GFP-labelled cholinergic cell in the ventral region of the mHb, and
pRV-GFP-labelled IPn neuron in close apposition to cholinergic fibers (red) from the mHb
(inserts show magnified images). Representative result from two independent experiments.
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Figure5. Tcf7I2 regulates the diabetes-promoting actions of nicotine.
a, Blood glucose levels were assessed over 8 h of food restriction in rats with a history

of self-administering saline (/7=8) or nicotine (/=7); F (2, 26) = 71.1; £<0.0001, main effect
of 7ime; F (1, 13) = 8.6; */<0.05, main effect of Aicotine in Two-way ANOVA. Box plot
shows min-max range. b, Glucose clearance was impaired in nicotine-experienced (/7=6)
compared with saline-experienced (/7=8) rats in an oral glucose tolerance test (OGTT). Data
are presented as change in blood glucose from time = 0 (F (1, 12) = 6.2; *P=0.0284, main
effect in two-way ANOVA. ¢, Area under the curve (AUC) analysis (mean = S.E.M.) of
the time-course of glucose clearance in nicotine-experienced (/7=6) and saline-experienced
(m=8) rats in the OGTT. ***£=0.0007, unpaired two-tailed t-test. d, Circulating glucagon
levels (mean = S.E.M.) were elevated in post-nicotine rats (7=6) compared with post-saline
rats (n7=5). Data from biologically independent animals; **~=0.0042, unpaired two-tailed
t-test. e, Circulating insulin levels (mean + S.E.M.) were elevated in post-nicotine rats
(rm=6) compared with post-saline rats (7=6). Data from biologically independent animals;
***P<(0.001, unpaired two-tailed t-test. f, Immunostaining for glucagon (left panels),
insulin (middle panels) and their overlap (right panels) in mice treated chronically with
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saline (upper panels; 7=3) or nicotine (0.5 mg kg™1; lower panels; 7=3). Experiment was
performed on a single occasion. g, Quantification of glucagon intensity (mean + S.E.M.)

in pancreatic islets from mice treated with saline (from 13 islets images in 7=3 mice) or
nicotine (from 22 islets images in /=3 mice); ***P=0.0006, unpaired two-trailed t-test. h,
Quantification of insulin intensity (mean £ S.E.M.) in pancreatic islets from mice treated
with saline (from 13 islets images in 7=3 mice) or nicotine (from 22 islets images in /7=3
mice); **P<0.006, unpaired two-trailed t-test. i, Graphical representation of experiment
designed to test the effects of withdrawal from chronic nicotine injections on blood glucose
in 7cf7I2%7 and Tcf7/2™ rats. j, Fasting blood glucose levels (mean + S.E.M.) were
similar in 7cf7I2W7 (n=6) and Tcf7/2™ (1=6) rats that were treated chronically with saline.
Box plot shows min-max range. k, Fasting blood glucose levels (mean + S.E.M.) were
elevated in 7cf7/2"T (7=6) compared with Tcf7/2™ ! (1=8) rats after chronic nicotine (1 mg
kg™1) treatment; F @, 12) = 10.4; **P=0.0073, main effect in Two-way ANOVA. Box plot
shows min-max range.
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