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Acetylcholine Regulates Olfactory Perceptual
Learning through Effects on Adult Neurogenesis

Question: Does acetylcholine regulate olfactory perceptual
learning through effects on neurogenesis?
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SUMMARY

Learning to perceptually discriminate between chemical signals in the environment (olfactory
perceptual learning [OPL]) is critical for survival. Multiple mechanisms have been implicated in
OPL, including modulation of neurogenesis and manipulation of cholinergic activity. However,
whether these represent distinct processes regulating OPL or if cholinergic effects on OPL depend
upon neurogenesis has remained an unresolved question. Using a combination of pharmacological
and optogenetic approaches, cholinergic activity was shown to be both necessary and sufficient to
drive OPL, and this process was dependent on the presence of newly born cells in the olfactory
bulb (OB). This study is the first to directly demonstrate that cholinergic effects on OPL require
adult OB neurogenesis.

INTRODUCTION

In many species, olfaction supports basic processes such as navigation, copulation, social bonding, pred-
ator avoidance, and foraging behaviors. To accomplish this, the olfactory system must sense and discrim-
inate countless potential chemical signals in the environment and rapidly adapt to the changing chemical
landscape. The acquired ability to discriminate between highly similar chemical signals has been termed
olfactory perceptual learning (Linster et al., 2001a; Fletcher and Wilson, 2002; Wilson and Stevenson,
2003). The basic mechanisms that govern olfactory perceptual learning (OPL) remain poorly understood
but have the potential to shed light on the mechanisms underlying one of the most basic and critical
learning processes supporting survival and adaptation.

Odorants bind to olfactory receptors in the olfactory epithelium that synapse onto mitral/tufted cells
within the olfactory bulb (OB). These cells send projections to the cortex, where odors are perceived.
Two types of GABAergic inhibitory interneurons, periglomerular and granule cells, assist in tuning mitral
cell outputs of the OB to support perceptual discrimination (Mori et al., 1999; Restrepo, 2009; Tan et al.,
2010). These cells are continually produced in the subventricular zone (SVZ) of the lateral ventricles at high
rates throughout life (Altman and Das, 1965; Altman, 1969). Newly born cells of the SVZ migrate to the OB
where they have been implicated in regulating OB sensory function and plasticity (Bath et al., 2008;
Mouret et al., 2008; Moreno et al., 2009, 2012; Nissant et al., 2009; Alonso et al., 2012; Gheusi and Lledo,
2014). A multitude of potential signaling pathways have been implicated in the birth, migration, and sur-
vival of newly born cells in the OB. However, the pathways recruited to support shifts in cell survival
following experience to alter OB function remain unclear. A strong candidate to mediate this function
is the cholinergic system.

Acetylcholine has been implicated in the regulation of the birth, migration, and survival of newly born
granule and periglomerular cells in the OB. Blocking the degradation of acetylcholine leads to an in-
crease in the density of newly born OB granule cells (Kaneko et al., 2006), whereas lesioning basal
forebrain cholinergic cells is associated with a decrease in the density of newly born granule cells in
the OB (Cooper-Kuhn et al., 2004). More recent work has found that cholinergic receptors are critical
for regulating the proliferation and migration of newly born cells (Sharma, 2013; Paez-Gonzalez et al.,
2014). Cholinergic projections to the OB have also been shown to sharpen the tuning of mitral cells
by increasing and broadening the responsiveness of granule cells as well as enhancing periglomerular
cell inhibition of mitral cells (Heimer et al., 1990; Castillo et al., 1999; Linster and Cleland, 2002;
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Chaudhury et al., 2009; Ma and Luo, 2012). Stimulation of cholinergic projections to the OB leads to
sparser mitral cell activation, increased separation in spatial coding of odorants at the level of the OB,
and improved odorant perceptual discrimination in both in vivo and modeling work (Linster and Has-
selmo, 1997; Stopfer et al., 1997, Nusser et al., 2001; Cleland and Sethupathy, 2006; Mandairon et al.,
2006a; Chaudhury et al., 2009; Linster and Cleland, 2009; Cleland and Linster, 2012). Although it is clear
that acetylcholine can influence processes associated with neurogenesis and perceptual discrimination, it
is not known if these effects are mutually independent or function together to govern more lasting
changes, such as those that support OPL. In this study, we sought to test if cholinergic activity functions
through the modulation of neurogenesis to support OPL.

We used pharmacological and optogenetic approaches to manipulate cholinergic activity and assessed
changes in OPL, adult neurogenesis, and general olfactory function. In an OPL paradigm, transient phar-
macological attenuation of cholinergic activity during olfactory enrichment inhibited OPL. Interestingly,
the decrease in the ability of mice to discriminate enantiomer pairs (molecules that are structurally
mirror images of one another) was accompanied by a significant reduction in newly born OB cells.
Furthermore, stimulation of cholinergic inputs into the OB was sufficient to induce OPL (discrimination
of enantiomer pairs) in the absence of odorant enrichment. To draw a more direct relationship between
cholinergic modulation and neurogenesis, a mitotic blocker, cytosine arabinoside (AraC), was continu-
ously delivered into a lateral ventricle, inhibiting neurogenesis during the period of optogenetic stim-
ulation of cholinergic fibers to the OB. This manipulation blocked improvements in olfactory discrimina-
tion that were previously seen following an identical stimulation protocol. Together, these findings
provide strong evidence indicating that the cholinergic system supports OPL and that this process is
dependent on the continued presence of newly born cells in the OB.

RESULTS
Repeated Odorant Enrichment Is Sufficient to Support Olfactory Perceptual Learning

Olfactory cross-habituation tasks are used to assess the degree to which mice can spontaneously discrim-
inate between odorants (Cleland et al., 2002; Mandairon et al., 2006b; Bath et al., 2008; Moreno et al., 2009).
In mice, repeated odorant exposure over multiple trials leads to attenuated investigation time (time sniff-
ing within 1 inch of the odorant) across trials, indicating successful habituation. When a new odorant is
introduced, if investigation time increases (lack of cross-habituation or discrimination), this indicates
successful perceptual differentiation from the original habituation odorant. If investigation time does
not increase for the new odorant (cross-habituation), the animal is believed to have failed to discriminate
between the habituated and novel odorant.

To test for olfactory perceptual learning (OPL), we employed an olfactory cross-habituation task to assess
discrimination ability before and after an enrichment period to a pair of perceptually similar odorants
(Mandairon et al., 2006b) (Figure 1A). Briefly, we tested the ability of mice to discriminate between
three difficult to discriminate pairs of enantiomers over three consecutive days: + and - limonene, +
and - carvone, and + and - terpinen-4-ol. Mice were habituated over four trials (5-min intertrial
interval [ITI]) to the + form of the odorant diluted to 0.1 Pa in mineral oil (+ limonene, + carvone,
or + terpinen-4-ol; Figure 1B left). Five minutes following the habituation trials, mice were presented
with the — form of the odorant also diluted to 0.1 Pa (~limonene, —carvone, —terpinen-4-ol, respectively;
Figure 1B right).

To assess if mice habituated to the odorants over the four trials of the first habituation, a two-way ANOVA
was used. Testing revealed a significant effect of habituation (F 132 = 19.58, p < 0.0001), signifying
that mice explored odorants for less time as trials progressed. A main effect of odorants (Fz,132 = 13.76,
p < 0.0001) was also observed, suggesting that mice spent more time sniffing some odorants compared
with others. A post hoc Tukey's multiple comparison analysis revealed that mice spent more time sniffing
the + limonene odorant compared with + carvone (t132 = 5.35, p = 0.0007) and + terpinen-4-ol (ty3, = 5.98,
p = 0.0001) on trial 1 of habituation. Furthermore, mice spent significantly more time sniffing + limonene
when compared with + terpinen-4-ol (t13, = 3.40, p = 0.045) on trial 3 of habituation. However, by trial 4
of habituation no significant differences were detected. In addition, no odorant by habituation interactions
was observed (F 132 = 1.42, p = 0.21). To test if mice could discriminate between the +/— enantiomer pairs
before enrichment, mice were presented with the — enantiomer in a pretest. Mice were not able to
discriminate between the + and — form of any of the enantiomer pairs (final habituation trial versus pretest
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Figure 1. Odorant Enrichment Allowed Mice to Learn to Distinguish between Perceptually Similar Enantiomers
(A) Experimental timeline (L, limonene; C, carvone; T, terpinen-4-ol).

(B and C) (B) Depiction of olfactory perceptual learning and (C) enrichment protocols.

(D) Mice were unable to discriminate between the +/— enantiomers during the pretest. However, following enrichment
to + and - limonene, mice were able to discriminate between + and — limonene but not other enantiomer pairs during the
posttest. For all groups n = 12.

Data are presented as mean + SEM. **p < 0.01.

trial: limonene ty; = 1.15, p = 0.26; carvone t; = 0.85, p = 0.85; terpinen-4-ol ty; = 1.36, p = 0.19; Figure 1D).
Mice then received olfactory enrichment for a period of ten consecutive days, where they were exposed to
both the + and - undiluted forms of limonene for 1 h per day (Figure 1C). Following enrichment, mice un-
derwent a second round of habituation to the + form of the three enantiomers on consecutive days (second
habituation session). A main effect of habituation was revealed (F(3 132 = 10.09, p < 0.0001), signifying that
mice habituated to odorants during post-enrichment habituation. No main effect of odorants (Fz,132) =
0.34, p = 0.70) or interaction between habituation and odorants (F 132 = 0.36, p = 0.89) was observed.
Following the post-enrichment habituation bout, mice received a posttest for all three enantiomer pairs.
Mice only learned to discriminate between + and — limonene, the enriched pair of odorants (limonene
to, = 2.87, p = 0.009; Figure 1D right), as evidenced by a significant increase in investigation between
the final habituation trial and the posttest trial. Furthermore, enrichment with the limonene enantiomer
pair, and pretesting with enantiomer pairs, did not enhance the ability of mice to discriminate between
the enantiomer pairs for carvone (ty; = 1.53, p = 0.14) or terpinen-4-ol (ty; = 0.65, p = 0.53). Together these
results indicate that enrichment enhanced discrimination abilities between enantiomer pairs and was
selective to the enriching odorants.
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Figure 2. Pharmacological Treatment with Cogentin (a Cholinergic Antagonist) during Olfactory Enrichment
Inhibits Olfactory Perceptual Learning

(A) Experimental timeline.

(B) Mice in neither the saline nor Cogentin group were able to discriminate between the +/— enantiomers during the
pretest. However, following enrichment to + and — limonene, saline- but not Cogentin-treated mice were able to
discriminate between + and - limonene during the posttest.

(C) Cogentin treatment did not affect spontaneous olfactory discrimination. Saline n = 12, Cogentin n = 9.

(D) Olfactory enrichment increased BrdU+ cell density when compared with no-enrichment saline controls, whereas
Cogentin significantly decreased BrdU+ cell density when compared with enriched saline controls. Neither enrichment
nor Cogentin treatment affected the percentage of newborn cells that became neurons (Saline no-enrichment n = 8,
Saline enrichment n = 7, Cogentin n = 7).

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Pharmacological Blockade of Select Cholinergic Receptors Inhibits Olfactory Perceptual
Learning

Although modulation of cholinergic tone while animals are engaged in a discrimination task impacts
odorant discrimination (Linster et al., 2001a; Mandairon et al., 2006a; Chaudhury et al., 2009), we are not
aware of any studies that have specifically examined the role of acetylcholine on OPL. To determine if
altering the activity of cholinergic receptors during olfactory enrichment impacts OPL, mice were randomly
assigned and administered the anticholinergic agent Benztropine Mesylate (Cogentin, 25 mg/kg) or
vehicle delivered i.p. 20 min before each +/— limonene olfactory enrichment session (Figure 2A). Cogentin
inhibits muscarinic cholinergic receptors, an effect largely restricted to the central nervous system
(Freedman et al., 1988; Bolden et al., 1992). After a 3-day washout period, mice underwent posttesting
to assess their ability to discriminate between +/— limonene (Figure 2B).

Cell
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We observed a significant main effect of group during the pretest, before our drug manipulation
(Fr,108y = 16.37, p < 0.0001; Figure 2B). A Sidak’s post hoc analysis revealed that the saline group
spent significantly more time investigating + limonene only during trial 1 of the first habituation session
(t10s = 3.859, p = 0.0008). Importantly, no effect of group was observed for subsequent habituation trials
or on investigation for the pretest enantiomer trial (tp; = 0.9806, p = 0.3355). Furthermore, a main effect
of habituation trial was observed, signifying that mice habituated to + limonene (two-way ANOVA,
Fi,108 = 12.82, p < 0.0001; Figure 2B). A failure to discriminate (e.g., cross-habituation) was observed
in both the group that would subsequently receive saline (t;; = 1.15, p = 0.26) and the group that would
subsequently receive Cogentin (t3; = 0.92, p = 0.37; Figure 2B left). Mice then underwent daily saline or
Cogentin injections 20 min before each daily +/— limonene enrichment session (total 10 days, Figure 2A).
Three days following the last enrichment session and Cogentin injection, mice were again tested for
discrimination abilities. For the habituation portion of the trial, there was no main effect of treatment
(Fi1,108) = 0.34, p = 0.56), with both groups showing significant habituation to the + enantiomer. At post-
test, the saline group successfully discriminated the — limonene from + limonene (t; = 2.87, p = 0.009);
however, the Cogentin-treated mice showed cross-habituation, failing to discriminate the odorants
(t32 = 0.41, p = 0.69; Figure 2B right). In follow-up testing, the Cogentin group exhibited lower levels
of investigation for the — limonene in the posttest when compared with saline controls (t;; = 3.20,
p = 0.0035). Together these data suggest that Cogentin administration was sufficient to block the
beneficial effects of enrichment on OPL.

To confirm that impairments in Cogentin-treated mice at posttest were not due to general effects of the
drug on olfactory sensory function, mice were tested on a general spontaneous olfactory cross-habitua-
tion task (Cleland et al., 2002; Bath et al., 2008). For this task, mice were presented with four habituation
trials each lasting 1 min, followed by three 1-min presentations to novel odorants delivered in a counter-
balanced randomized order (Figure 2C). The novel odorants were highly similar (51), moderately similar
(S2), or dissimilar (D) to the habituated odorant (Bath et al., 2008). In total, mice were presented with five
sets of odorants (see Methods for odorant sets). For each set, mice were habituated over four trials before
the S1, S2, and D odorant presentations. The mean exploration time across odorant sets was calculated
and is presented in Figure 2C. A two-way ANOVA of the habituation trials revealed a main effect of habit-
uation (F(3,7¢) = 6.85, p = 0.0004), signifying that mice habituated to the odorant. Furthermore, there was
no effect of Cogentin treatment (F(1 7¢) = 2.52, p = 0.12) or interaction between treatment and habituation
trial (Fz7¢) = 0.16, p = 0.92), suggesting that Cogentin did not impair the ability of mice to habituate to a
wide variety of odorants. Next, we assessed if mice spent significantly more time investigating the S1, S2,
and D odorants when compared with habituation trial 4. We found that saline mice spent significantly
more time investigating S2 (t,; = 2.70, p = 0.013) and D (t;; = 2.12, p = 0.046) but not S1 (t,, = 1.71,
p = 0.10), whereas Cogentin-treated mice spent significantly more time investigating S1 (t14 = 2.32,
p = 0.034) and D (t14 = 3.055, p = 0.0076) but not S2 (t;, = 1.84, p = 0.085) when compared with their
respective habituation trial 4. Importantly, saline and Cogentin mice did not differ in the time they
spent investigating any of the odorants, S1 (t19 = 0.20, p = 0.85), S2 (t49 = 1.55, p = 0.14), or D
(t19 = 0.45, p = 0.66). This suggests that impairments in perceptual learning were not due to general
deficits in olfactory sensory function.

To test if olfactory enrichment and Cogentin treatment impacted OB neurogenesis, all mice were
administered bromodeoxyuridine (BrdU) 8 days before olfactory enrichment (Figure 2A). Following the
completion of behavioral testing (28 days later), brains were collected and the density of newly born
BrdU labeled cells in the granule cell layer of the OB was assessed. A one-way ANOVA was used to assess
differences between saline-treated without olfactory enrichment, saline-treated olfactory enriched, and
Cogentin-treated olfactory enriched mice (Figure 2D left). The analysis revealed a main effect of treatment
(Fa19) = 7.97, p = 0.0031) with follow-up Tukey's multiple comparison analysis detecting a significantly
increased density of BrdU+ cells in saline-treated olfactory enriched mice when compared with saline-
treated non-olfactory enriched mice (tjo = 4.74, p = 0.0089). Furthermore, Cogentin-treated mice had
reduced BrdU+ cell density when compared with saline-treated enriched mice (tjg = 5.07, p = 0.0053)
but were no different than non-enriched saline-treated mice (t1o = 0.49, p = 0.93). There was no effect of
treatment on the percentage of cells that committed to a neural phenotype, as indicated by co-labeling
with NeuN (Fp 19) = 0.43, p = 0.65; Figure 2D right). Together these data suggest that olfactory enrichment
increases the number of BrdU+ cells in the OB, whereas Cogentin administration blocks enrichment-asso-
ciated augmentation in BrdU+ cells within the OB.
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Optogenetic Stimulation of Cholinergic Projections in the Nucleus of the Horizontal Limb of
the Diagonal Band of Broca Enhances Discrimination of Enantiomer Pairs

To determine if enhancing the activity of cholinergic projections to the OB is sufficient to improve percep-
tual discrimination, a mouse line that expresses the depolarizing optogenetic element channelrhodopsin
(ChR2) under the choline acetyltransferase (ChAT) promoter was used (referred to as ChR2+ in this study)
(Zhao et al., 2011). An optical fiber was surgically implanted over the right horizontal limb of the diagonal
band of broca (HDB), a region rich in cholinergic neurons projecting into the OB, to maximize the distribu-
tion of cholinergic fibers stimulated in the OB without surgically damaging the OB. One week following
implantation, mice underwent the olfactory discrimination task (Figure 3A).

No differences in habituation to + limonene were observed between ChR2+ and ChR2- mice (F39) =
3.837, p = 0.0532; Figure 3B), suggesting that expression of the optical channel and surgical manipulation
did not alter baseline habituation. A significant effect of habituation trial was observed (F3.92 = 14.87,
p < 0.0001), with animals decreasing their investigation of + limonene as trials progressed. Furthermore,
no interaction between the experimental group and habituation trial (F392 = 3.133, p = 0.2161) was
observed. During pretest, neither ChR2+ nor ChR2— group showed differences in time spent investigating
— limonene compared with the final habituation trial (ChAT ChR2— ty, = 0.58, p = 0.57; ChAT ChR2+
tog = 0.91, p = 0.37) indicating a failure to discriminate. Furthermore, at pretest, the ChR2+ mice did not
significantly differ in the time they spent investigating — limonene when compared with the ChR2— mice
(taz = 0.269, p = 0.5749; Figure 3B). Mice then received 8-s trains of light pulses at randomly assigned
frequencies (from 5 to 50 Hz, at 5 Hz intervals; 5 mW light power) (adapted from Ma and Luo, 2012).
Optogenetic stimulation was administered for 1 h per day for ten consecutive days, in lieu of olfactory
enrichment. Following the 10-day optical stimulation paradigm, mice received a second limonene habitu-
ation and posttest session, without optical stimulation of the HDB. During the second habituation session,
a significant main effect of group was observed (F1 97 = 5.012, p = 0.0276). A significant main effect of trial
(Fz92) = 18.95, p < 0.0001), with no interaction between group and trial (F3.92 = 0.2552, p = 0.8574), was
observed, indicating that mice habituated to + limonene as the trials progressed. Importantly, at posttest,
the ChAT ChR2+ group was able to discriminate the — limonene enantiomer (ty4 = 2.65, p = 0.014), whereas
the ChAT ChR2— group showed cross-habituation (no difference between +/— limonene investigation;
top = 0.95, p = 0.35). Furthermore, ChR2+ mice investigated the — limonene enantiomer at a significantly
higher level than ChR2— mice during the posttest (to3 = 3.554, p = 0.0017). These data suggest that optical
stimulation of cholinergic neurons in the HDB, in the absence of olfactory enrichment, was sufficient to
enable mice to discriminate between enantiomer pairs.

In addition to testing to +/— limonene enantiomers, mice underwent olfactory discrimination testing at
posttest for +/— carvone (Figure 3C) and +/— terpinen-4-ol (Figure 3D). This allowed us to assess if opto-
genetic effects generalized across odorants. Similar to our findings using +/— limonene, a two-way ANOVA
revealed a main effect of habituation trial for both + carvone (F(3 92 = 16.68, p < 0.0001) and + terpinen-4-ol
(Faoz = 7.91, p < 0.0001). A main effect of treatment was also found between ChAT ChR2— and ChAT
ChR2+ during habituation to + terpinen-4-ol (F(1 92) = 5.00, p = 0.027), although a follow-up Sidak’s multiple
comparison test did not reveal differences between ChAT ChR2— and ChAT ChR2+ at any given habitua-
tion trial. For both odorants, during the pretest no significant differences were observed between ChAT
ChR2— and ChAT ChR2+, nor were differences observed between the pretest and the fourth trial of the first
habituation for either ChAT ChR2— or ChAT ChR2+. Following the 10-day optogenetic protocol, during the
second habituation trial, a main effect was only found for habituation trial, for both + carvone (F3.92) = 12.24,
p < 0.0001) and + terpinen-4-ol (F3.92 = 16.46, p < 0.0001), suggesting that mice habituated to the + en-
antiomers. Post testing of the — enantiomer revealed that optogenetic excitation of HDB significantly
increased the investigation of the — terpinen-4-ol enantiomer (t,3 = 2.42, p = 0.023) but not of — carvone
(tz3 = 1.48, p = 0.15) when compared with ChAT ChR2—. Furthermore, ChAT ChR2+ mice also showed
increased investigation to — terpinen-4-ol enantiomer when compared with ChAT ChR2+ investigation
of + terpinen-4-ol during the fourth trial of the second habituation (t,4 = 2.5, p = 0.019). Together these
data suggest that optogenetic excitation was sufficient to significantly enhance discrimination of some,
but not all, enantiomer pairs.

To determine if optical stimulation impacted OB neurogenesis, mice were sacrificed, fiber placement was

confirmed (Figure 3E), and the density of BrdU+ cells in the OB granule cell layer was quantified.
Optical stimulation of cholinergic projections to the OB increased the density of BrdU+ cells in ChAT
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Figure 3. Optogenetic Stimulation of Cholinergic Fibers in the HDB Enables Discrimination between Limonene
Enantiomers

(A) Experimental timeline.

(B) Neither ChAT ChR2+ nor ChAT ChR2— mice were able to discriminate between the +/— limonene enantiomers during
the pretest. However, following optic stimulation of HDB (in lieu of enrichment), ChAT ChR2+ mice, but not ChAT ChR2—,
were able to discriminate between + and - limonene during the posttest.

(C) Optic stimulation did not significantly increase discrimination between all enantiomer pairs. Mice were still unable to
discriminate + and — carvone during the posttest.

(D) However, increased discrimination at posttest was not specific to only limonene, with mice being able to significantly
discriminate between + and — terpinen-4-ol during posttest.

(E) Placement of optic fibers in HDB. ChAT ChR2— n = 12, ChAT ChR2+ n = 13.

(F) No effects of optic stimulation were observed on the density of BrdU+ cells (top) or on the percentage of newborn cells
that became neurons (bottom) (n = 7 per group). Data are presented as mean + SEM. *p < 0.05, **p < 0.01.

ChR2+ mice compared with ChAT ChR2— mice that also received light pulses. However, this effect did
not reach statistical significance (t1; = 1.28, p = 0.23; Figure 3F top). Furthermore, no differences in
the percentage of cells committing to a neuronal phenotype were observed (t1, = 0.17, p = 0.87; Figure 3F
bottom).
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Blocking Adult Neurogenesis Impairs Olfactory Discrimination following Optogenetic
Stimulation of HDB Cholinergic Fibers

Acetylcholine has been shown to influence olfactory tuning and odorant discrimination (Linster et al.,
2001a; Mandairon et al., 2006a; Chaudhury et al., 2009; Ma and Luo, 2012). It also influences the process
of OB neurogenesis (Cooper-Kuhn et al., 2004; Kaneko et al., 2006). However, whether acetylcholine’s
effects on OPL depend upon the presence of newly born cells remains unknown.

Here, we found that optogenetic stimulation of HDB cholinergic projections enhanced discrimination between
tested enantiomer pairs. To determine whether improvements in discrimination require the presence of newly
born cells, cell proliferation in the subventricular zone (SVZ) was inhibited through administration of the mitotic
blocker, cytosine arabinoside (AraC) into the right lateral ventricle (Figure 4A) during enrichment. Osmotic
pump infusion of AraC was done in ChAT ChR2+ mice, allowing for the simultaneous blockade of cell division
and optical stimulation of HDB fibers. The micro osmotic pump and optical fiber were implanted during the
same surgery, 1 week before behavioral testing (Figure 4A). A two-way ANOVA revealed no effect of AraC treat-
ment on habituation at pretest (F ¢y = 1.77, p = 0.19; Figure 4B), although a main effect of trial was observed
(Fzegy = 19.77, p < 0.0001), suggesting that mice habituated to + limonene. No group by habituation trial was
observed (F3 ¢g) = 0.57, p = 0.64), indicating similar habituation across groups. Furthermore, no significant effect
was observed between pretest exploration and the last habituation trial for either group (saline t1g=0.32,p = 0.75;
AraCtys = 1.006, p = 0.33). Nor were differences in pretest observed when comparing pretest investigation times
between the two groups (t17 = 1.73, p = 0.102), indicating both groups were unable to discriminate +/— enantio-
mers at pretest. In lieu of enrichment, mice then underwent 10 days of HDB optogenetic stimulation while AraC
was continuously administered. Following the end of optogenetic stimulation and AraC infusion, mice were pre-
sented with + limonene in a second habituation session. No main effects of treatment (F1 g = 2.29, p = 0.14)
or treatment by trial interaction (Fi3¢g = 0.72, p = 0.55) were observed. As expected, a main effect of trial
(Fzes) = 10.23, p < 0.0001) was found, signifying that animals significantly habituated to the odorant. Interesting,
saline plus optogenetic-treated mice showed an increase in — limonene investigation (t1g = 1.99, p = 0.061),
whereas AraC plus optogenetic-treated mice did not show any noticeable increase in investigation at posttest
(t16=1.45,p =0.17; Figure 4B). Furthermore, the AraC ChAT ChR2+ mice investigated the - limonene enantiomer
at significantly lower levels than the saline ChAT ChR2+ control mice (7 = 3.17, p = 0.0056; Figure 4B).

To assess if the AraC-induced suppression of optogenetically induced enantiomer discrimination was
generalizable across various enantiomer pairs, mice underwent olfactory discrimination task for +/—
carvone (Figure 4C) and +/— terpinen-4-ol (Figure 4D). Similar to our findings with +/— limonene, a two-
way ANOVA revealed only a main effect of habituation trial for both + carvone (Fiz4g = 17.98,
p < 0.0001) and + terpinen-4-ol (F3 ¢g) = 15.35, p < 0.0001), suggesting that mice investigated the + enan-
tiomer for lower amounts of time as trials progressed. No significant differences were observed in the
investigation of — carvone between Saline/ChAT ChR2+ and AraC/ChAT ChR2+ during the pretest. How-
ever, a significant difference in the investigation time of — terpinen-4-ol was observed between Saline/
ChAT ChR2+ and AraC/ChAT ChR2+ during the pretest (t; = 3.08, p = 0.0068). Following the 10-day op-
togenetic stimulation of HDB, mice were presented with a second habituation session. A main effect of
habituation trial was observed during the second habituation session for both + carvone (F3 68 = 7.39,
p = 0.0002) and + terpinen-4-ol (Fz 68 = 3.70, p = 0.015). Suggesting that mice habituated to the + enan-
tiomer. Furthermore, a main effect of treatment was observed during the second habituation to + carvone
(F(1.68y=9.05, p = 0.0037), suggesting that Saline/ChAT ChR2+ had greater within-session habituation when
compared with the AraC/ChAT ChR2+. A post hoc Sidak’s multiple comparison test did not reveal any
treatment effects at any individual trial during the second habituation to + carvone. During the posttest,
we found that AraC treatment was sufficient to block optogenetic-induced discrimination of the +/— enan-
tiomers of carvone (t17 = 2.15, p = 0.046) and terpinen-4-ol (t;; = 2.51, p = 0.022). Furthermore, comparison
of the posttest and fourth trial of the second habituation session for the saline/ChAT ChR2+ replicated find-
ings if Figure 3, with mice showing increased investigation of the — enantiomer when compared with the +
enantiomer for both carvone (t1g = 2.77, p = 0.012) and terpinen-4-ol (t;g = 2.37, p = 0.028). Together
these data suggest that blocking mitotic division, through the use of AraC, is sufficient to block
optogenetic-induced discrimination.

To verify that AraC affected levels of neurogenesis, BrdU labeling was used. Surgical placements of micro

osmotic pump cannulae and optical fibers were confirmed postmortem by sectioning brains and staining
with Hema-3 (Figure 4E). AraC was found to lead to a near total loss of BrdU+ cells in the granule cell layer
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Figure 4. Suppression of Mitotic Division Blocked Optogenetically Induced Olfactory Discrimination

(A) Experimental timeline.

(B-D) (B) Neither saline/ChAT ChR2+ nor AraC/ChAT ChR2+ mice were able to discriminate between the +/—
enantiomers during the pretest. However, following optic stimulation of the left HDB, only the saline/ChAT ChR2+ mice,
but not AraC/ChAT ChR2+, were able to discriminate between + and — limonene during the posttest. Furthermore,
AraC/ChAT ChR2+ also showed decreased investigation of the — enantiomer during the posttest when compared with
saline/ChAT ChR2+ mice for both (C) carvone and (D) terpinen-4-ol odorants.

(E) Placement of optic fibers in the left HDB and treatment infusion pumps in the right lateral ventricle. Saline/ChAT
ChR2+ n =10, AraC/ChAT ChR2+ n = 9.

(F) AraC treatment significantly decreased the density of BrdU+ cells (top) but did not affect the percentage of newborn
cells that become neurons (bottom) (Saline/ChAT ChR2+ n = 4, AraC/ChAT ChR2+ n = 3). Data are presented as mean +
SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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of the OB compared with saline controls (ts = 4.38, p = 0.0072; Figure 4F top). However, cells that
were labeled with BrdU did not differ from the saline-treated animals in the percentage of newly born
cells committing to a neuronal phenotype (ts = 0.39, p = 0.71; Figure 4F bottom). Together, these results
suggest that blocking mitotic division is sufficient to prevent optogenetically induced enantiomer
discrimination.

DISCUSSION

In this study, we have shown that mice were able to discriminate enantiomer odorant pairs after 10 days of
enrichment to both odorants. Furthermore, we have shown that blocking cholinergic activity with the
cholinergic antagonist, Cogentin, was sufficient to block OPL (e.g., learned enantiomer discrimination
post enrichment). Optogenetic activation of cholinergic fibers in the nucleus of the HDB was sufficient
to induce enantiomer discrimination in the absence of enrichment. However, suppression of mitotic
division in the lateral ventricles, via continuous infusion of AraC, was sufficient to block the effects of
HDB optogenetic activation. Together, we found that cholinergic activity is necessary for naturalistic
OPL and that the effects of cholinergic activity require OB neurogenesis.

Odorant enrichment is known to enhance discrimination ability between perceptually similar odorants that
activate overlapping regions in the OB (Mandairon et al., 2006b, 2006c, 2006d). This discrimination
is achieved by modifying the responsiveness of mitral/tufted cells activated by the enriching odorant
(Buonviso et al., 1998; Buonviso and Chaput, 1999). It is believed that the acquired ability to perceptually
discriminate odorants with overlapping activation maps (OPL) is the result of experience-dependent shifts
in OB inhibitory tone (Mandairon et al., 2008) that depend on the incorporation and selective survival of
newly arriving cells. Cholinergic projections to the OB and regions supplying newly born cells to the OB
(such as the SVZ) have been found to modulate cell migration and survival. However, a role for cholinergic
modulation of cell survival on OPL has yet to been shown.

Adult neurogenesis has been linked with olfactory discrimination ability, including perceptual learning. It
has been proposed that the selective survival of newborn inhibitory interneurons in regions of the OB that
are sensitive to the experienced odorants serve to enhance odorant discrimination. New neurons are born
throughout life in the SVZ of the lateral ventricles, where OB interneurons arise (Altman, 1969). SVZ-derived
cells migrate and integrate into preexisting OB circuits where they differentiate into periglomerular and
granule cells, the inhibitory interneurons believed to support olfactory perceptual learning (Moreno
et al., 2009). It has been proposed that enrichment to a single pair of odorants, such as + and - limonene,
increases interneuron survival in the part of the OB responsible for detecting those enriched odorants
(Moreno et al., 2012). In this example, selective interneuron survival supports perceptual discrimination
within the limonene enantiomer pair. Since the regions of the OB activated by limonene do not significantly
overlap with those activated by carvone or terpinen-4-ol, limonene enrichment should not influence
discrimination within the other tested enantiomer pairs. Here we show that olfactory enrichment to +/—
limonene enantiomers is sufficient to induce discrimination of the limonene enantiomer pair but not
the +/— carvone or +/— terpinen-4-ol enantiomer pairs. Inconsistent with previously published work in
rats (Linster et al., 2001b), our mice were not able to discriminate +/— carvone at pretest. The discrepancies
between our findings and previous work may be a result of species-specific olfactory tuning. Additional
studies assessing perceptual maps of enantiomer pairs in mice will be needed to completely interpret
these results.

In recent work, a number of putative mechanisms have been identified that regulate the proliferation,
migration, and survival of these newly born cells (Kaneko et al., 2006; Bath et al., 2008; Scotto-Lomassese
et al., 2011). Although experiments using pharmacological, radiation, or genetic techniques to dampen
neurogenesis have been implicated in olfactory perceptual learning (Mouret et al., 2008; Moreno et al.,
2009; Nissant et al., 2009; Alonso et al., 2012), the endogenous mechanisms regulating adult neurogenesis
to support perceptual learning have remained largely unknown.

Acetylcholine can affect perceptual learning through multiple mechanisms, including long-term potentia-
tion, altering mitral cell sensitivity, and/or effects on adult neurogenesis. We found that pharmacological
inactivation of the cholinergic system through systemic administration of Cogentin was sufficient to block
olfactory discrimination, whereas optogenetic activation of cholinergic fibers in the HDB was sufficient to
induce olfactory discrimination in lieu of enrichment, thus providing strong evidence that manipulating the
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cholinergic system can modulate discrimination of highly similar odorants. Furthermore, manipulations of
cholinergic activity were associated with significant changes in the density of newly born cells in the OB
granule cell layer. Although olfactory enrichment was seen to increase BrdU+ cells in the OB, blocking
cholinergic activity through Cogentin administration blocked this increase in BrdU+ cell survival, with
BrdU+ cell density being indistinguishable from levels observed in mice that had not undergone olfactory
enrichment.

Furthermore, blocking neurogenesis with the anti-mitotic agent, AraC, blocked any beneficial effects of
cholinergic stimulation on perceptual learning, indicating that newly born cells are required to derive
perceptual benefits from increased cholinergic activity. However, it is important to note that optogenetic
activation of cholinergic fibers in HDB did not significantly increase BrdU+ cells. We believe that the lack of
statistical significance is due to the higher variability in cell counts observed in this experiment and thus
diminished power to detect meaningful differences. Additional appropriately powered replication
experiments will be needed to conclusively determine the impact of cholinergic activation on BrdU+ cells
in the OB.

Importantly, the results obtained were based on a task that relies on a mouse’s innate ability to detect and
investigate novelty. Both passive (untrained/unconditioned) and active (trained/conditioned) tasks can
measure an animal’s ability to discriminate between odorants; however, the results derived from the two
approaches are heavily influenced by the task demands. The passive olfactory task used here provides a
more naturalistic measure of olfactory sensory functioning (e.g., detection and innate motivation to inves-
tigate novel odorants in the environment), whereas reinforced tasks provide a more artificial measure of
optimal performance of the system and are susceptible to the effects of overtraining and engagement
of learning, memory, and reward systems (Cleland et al., 2002). The lack of reinforcement within our task
may have prevented the generalization of discrimination learning and may explain some of the behavioral
differences between reinforced and nonreinforced olfactory learning. Therefore, it is possible that the
mechanisms governing naturalistic olfactory discrimination, described here, may not be generalizable to
active learning tasks.

In summary, we provide evidence to support the theory that cholinergic projections to the OB support
olfactory perceptual learning, that cholinergic activity to the OB is both necessary and sufficient to enhance
perceptual discrimination, and that the benefits of cholinergic activity on perceptual discrimination
requires the presence of newly born cells in the OB.

Limitations of the Study

In the current work, manipulation of cholinergic activity through optogenetic manipulation, either pharma-
cologically or optogenetically, was shown to alter olfactory perceptual learning. More work will be needed
to clarify the specific cholinergic receptors and molecular pathways supporting enhanced survival of newly
born cells. Furthermore, we posit that cholinergic modulation of olfactory perceptual learning should work
by enhancing coincident activity from basal forebrain cholinergic projections and activation of olfactory
projection neurons stimulated by odorant in the environment to enhance selective survival of cells in
regions responsive to those odorants. More work will be required to uncover the specific mechanisms
supporting regionally selective survival. Finally, more work will be required to determine the permanence
of these effects, e.g., how long improvements in OPL last and what mechanisms underlie degradation in the
ability to discriminate odorants.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

For access to raw data and or video files, please contact Dr. Kevin Bath (Kevin_Bath@Brown.edu).

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2019.11.016.
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Transparent Methods
Subjects

A total of 77, 8 to 12 week old, male WT and ChAT ChR2 EYFP mice [B6.Cg-Tg(Chat-
COP4*H134R/EYFP,SIc18a3) 6Gfng/J; RRID: IMSR JAX:014546;(Zhao et al., 2011)] on a C57BI16/N
background (Charles River Laboratories, Wilmington, MA) were used for this study. All mice were bred
in-house. Mice were housed on a 12 h light/ 12 h dark cycle with food and water provided ad libitum.

Testing occurred during the first half of the light phase of the light/dark cycle.

Odorants Preparation

For olfactory perceptual learning (cross-habituation and enrichment), stimulus odorants were
diluted in the odorless carrier, mineral oil, to 0.1 Pascal (Pa) vapor pressure. For spontaneous olfactory
discrimination, stimulus odorants were diluted in mineral oil to 0.01 Pa. Dilution volumes were acquired
through analysis of vapor pressures using ACD ChemSketch software (Advanced Chemistry
Development, Toronto, Ontario, Canada). For olfactory perceptual learning tasks, + limonene
(habituation) and — limonene (test) odorants were used. For spontaneous olfactory discrimination tasks,
five sets of odorants were used:
1. N-hexyl acetate (Hab), N-amyl acetate (S1), N-butyl acetate (S2), Anisole (D)
2. Propanoic acid (C3) (Hab), Butanoic acid (C4) (S1), Pentanoic acid (C5) (S2), 5-methylfurfural (D)
3. Octanal (Hab), Heptanal (S1), Hexanal (S2), Anisole (D)
4. Octanoic acid (C8) (Hab), Heptanoic acid (C7) (S1), Hexanoic acid (C6) (S2), (R)-(+)-limonene (D)

5. Pentanol (Hab), Hexanol (S1), Heptanol (S2), Citronellal (D)

Cross-Habituation Task: Olfactory Perceptual Learning
Mice were individually positioned in polycarbonate cages before testing. For each trial, odorants
were introduced by placing 100 pl of an odorant onto a piece of filter paper (Whatman, Florham Park, NJ)

and suspending the filter paper in each mouse’s cage by enclosing the paper in a tea ball hanging in the



upper corner of the cage. During the four habituation trial, mice were exposed to 0.1 Pa of a habituation
odorant. For the test trials, the enantiomer to the habituation odorant was presented in lieu of the habituation
odorant. Each trial was one minute in length followed by a five-minute inter-trial interval. Fresh odorants
and filter paper were used in each trial. All trials were videotaped using Ethovision XT 8.5 tracking software
(Noldus), after which investigation time was manually scored with the rater blind to drug group or genotype
and odorant identity.

Enantiomer pairs were chosen for their perceptual similarity and the inability of our mice to
behaviorally distinguish them in our pretest data (Linster et al., 2001b). Enantiomer pairs (one habituation
odorant and its enantiomer) were used in each behavioral experiment. For consistency, the + form of the
enantiomer pair was always used in the habituation trial and the — form was always used in the enantiomer

trial.

Cross-Habituation Task: Spontaneous Olfactory Discrimination

Each mouse was placed individually into a polycarbonate cage. For each trial, the odorants were
presented by introducing 100 pL of 0.01 Pa diluted odorant onto a piece of filter paper (Whatman, Florham
Park, NJ), and placing the filter paper inside a tea ball (Table S2). The tea ball was subsequently draped
inside the upper corner of the cage. The mice were presented with a single aliphatic acid odorant on four
consecutive trials (habituation). Three novel odorant trials followed, where three odorants were introduced
in a counter-balanced randomized order: a highly similar (S1 — differing by a single unbranched
hydrocarbon from the habituation odorant), moderately similar (S2 — differing by two unbranched
hydrocarbons from the habituation odorant) and dissimilar odorant (D — structurally and perceptually
unique odorant). All trials were one minute long with a five-minute inter-trial interval. This procedure was
repeated with five different odorant sets over the course of five days. Following manual scoring, the five
days of testing were averaged, and the data was pooled by trial type and drug group or genotype to assess

the effects of drug group or genotype on odorant detection, habituation and discrimination.



Bromodeoxyuridine Injections

To test if any of our manipulations altered the density of surviving newly born cells, we injected
mice with BrdU (IP: 50 mg/kg) three times at two-hour intervals on the day following the final pretest. We
allowed labeled cells eight days to migrate from their birthplace in the SVZ to the OB (Winner et al., 2002)
before beginning olfactory manipulation. Thirty-nine days post-BrdU injection, mice were sacrificed, and
we used immunohistochemistry and stereological counting to test for the effects of enrichment on newborn
cell survival in the OB granule cell layer. To quantify the density of BrdU-positive cells in the granule cell
layer of the olfactory bulb, an optical fractionator method was used. Every third serially obtained section
(80 pum interval) was mounted and processed immunohistochemically to detect BrdU. Sections were
counterstained with Nissl and a reference volume of the granule cell layer was traced using a stereology
system (Stereoinvestigator; MicroBrightField, Willis- ton, VT). BrdU-positive nuclei were counted within
a20x 20 x 30 um counting frame, which randomly sampled within a 122.8 x 68.9 pm randomized counting
grid using a meander scanning technique. BrdU-positive cells throughout the z-plane were counted; those
that contacted the lateral or upper exclusion plane remained uncounted. The total number of cells counted
were divided into the number of counting frames sampled multiplied by the size of the counting frame to

obtain an estimate of the density of BrdU-positive cells within this structure.

Drug Administration

To determine if the activity of cholinergic receptors during olfactory enrichment is necessary for
olfactory perceptual learning, mice were administered Cogentin (25 mg/kg in saline; Enzo Life Sciences,
Farmingdale, NY), a selective M1 muscarinic acetylcholine receptor antagonist, or saline, intraperitoneally
20 minutes prior to each enrichment session (10 injections total over 10 days).
Optogenetic Surgery

For the optogenetics experiments, we used eight to 12 week old ChAT ChR2 EYFP male mice.
Transgenic and control (C57B16/N) mice were injected intraperitoneally with the analgesic buprenorphine

hydrochloride 20 minutes before surgery [0.1 mg/kg, Buprenex Injectable, Reckitt Benckiser Healthcare



(UK) Ltd., Hull, England]. Mice were anesthetized using an isoflurane-oxygen mixture (induction = 2-3%,
maintenance = 1-2.5, O, flow rate=75 ppm), shaved and placed in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA). A craniotomy was made on the skull above the coordinates for the left HDB
(AP =+0.3 mm, ML = -2.0 mm, 13° lateral to medial), and an optical fiber was implanted (DV = 5.0 mm;
fiber made in-house, core diameter = 200 um, NA = 0.22). The fiber was fixed in place using C&B
Metabond Quick Adhesive Cement System (Parkell Inc., Edgewood, NY) and dental acrylic (Repair Resin

Quick Set Lab Pack, All 4 Dentist by Interguide Dental & Medical Supply, Burlingame, CA).

Osmotic pump Surgery

For the AraC experiment, in addition to the optogenetic implant, mice were implanted
subcutaneously with a micro osmotic pump (Model 1002, ALZET Osmotic Pumps, Cupertino, CA). The
pump was connected via polyvinyl tubing to a cannulae aimed at the right subventricular zone (SVZ; AP =
+1.2 mm, ML = +0.9 mm, DV = 3.0 mm; brain infusion kit 3, ALZET Osmotic Pumps, Cupertino, CA).
The pump was filled with 100 pL cytosine-B-d-arabinofuranoside (AraC; 4% in 0.9% saline solution, Sigma
Aldrich, St. Louis, MO) with a flow rate of 0.25 pL per hour (Moreno et al., 2012). Post-surgery

observations were maintained for three days.

Optogenetic Stimulation

Each mouse received one hour of laser stimulation every day for 10 consecutive days (in lieu of
olfactory enrichment). In the first optogenetic experiment (Figure 3B), stimulation was achieved by
coupling a patch cord (Doric Lenses, Quebec, Canada) to a blue light diode laser (MBL-I11-473, 100mW,
OptoEngine, LLC, Midvale, UT), measuring approximately 5 mW at tip of implanted fiber. In the second
optogenetic experiment (Figure 4B), stimulation was achieved by coupling a patch cord (manufactured in-
house) to a blue LED (PlexBright LED Module, 24.9mW, Plexon, Dallas, TX), measuring approximately
5 mW at tip of implanted fiber. In both experiments, each optogenetic stimulation session began with a 10

second habituation period, followed by eight-second trains of light pulses with 23-second intervals between



each train. For each train of light pulses, we randomly assigned a frequency (from 5-50 Hz, at 5 Hz intervals)
using MATLAB coupled to an Arduino. Each pulse lasted for 15 ms (protocol adapted from Ma and Luo,

2012).

Statistics

We used two-way ANOVAs to analyze the habituation sessions. When necessary, follow-up post-
hoc sidak multiple comparison tests were used. For all other comparisons, two-tailed student’s #-tests were
used. All data is presented in graphs and figures as mean + SEM. Statistical analysis was performed using

Prism Graphpad or SPSS software. Graphs were made using Prism Graphpad software.
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