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Selective decrease of cholinergic signaling from
pedunculopontine and laterodorsal tegmental nuclei
has little impact on cognition but markedly increases
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ABSTRACT: The pedunculopontine tegmental nucleus (PPT) and laterodorsal tegmental nucleus (LDT) are heterogeneous
brainstem structures that contain cholinergic, glutamatergic, andGABAergic neurons. PPT/LDTneurons are suggested to
modulate both cognitive and noncognitive functions, yet the extent towhich acetylcholine (ACh) signaling from the PPT/
LDT is necessary for normal behavior remains uncertain.We addressed this issue byusing amousemodel inwhichPPT/
LDT cholinergic signaling is highly decreased by selective deletion of the vesicular ACh transporter (VAChT) gene. This
approach interferes exclusively with ACh signaling, leaving signaling by other neurotransmitters from PPT/LDT cholin-
ergic neurons intact and sparing other cells. VAChTmutants were examined on different PPT/LDT-associated cognitive
domains. Interestingly, VAChTmutants showed no attentional deficits and onlyminor cognitive flexibility impairments
whilepresenting largedeficiencies inbothspatial andcuedMorriswatermaze (MWM)tasks.Conversely,workingspatial
memory determinedwith the Y-maze and spatial memorymeasuredwith the Barnesmazewere not affected, suggesting
that deficits in MWMwere unrelated to spatial memory abnormalities. Supporting this interpretation, VAChT mutants
exhibited alterations in anxiety-like behavior and increased corticosterone levels after exposure to theMWM, suggesting
altered stress response. Thus, PPT/LDT VAChT-mutant mice present little cognitive impairment per se, yet they exhibit
increased susceptibility to stress, which may lead to performance deficits in more stressful conditions.—Janickova, H.,
Kljakic, O., Rosborough, K., Raulic, S., Matovic, S., Gros, R., Saksida, L. M., Bussey, T. J., Inoue, W., Prado, V. F., Prado,
M. A. M. Selective decrease of cholinergic signaling from pedunculopontine and laterodorsal tegmental nuclei has little
impact on cognition but markedly increases susceptibility to stress. FASEB J. 33, 7018–7036 (2019). www.fasebj.org
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The pedunculopontine tegmental nucleus (PPT) and lat-
erodorsal tegmental nucleus (LDT) are heterogeneous
brainstem nuclei that contain predominantly cholinergic,

glutamatergic, and GABAergic neurons. These neuro-
chemically distinct neurons are intermingled but not
homogeneously distributed throughout the PPT or LDT
(1). PPT/LDT cholinergic neurons, which constitute
approximately a fourth of all neurons in the PPT/LDT
(1), have rich connectivity to downstream targets in the
lower brainstem and spinal cord as well as upstream
projections to subcortical regions, including several
thalamic nuclei, different structures of the basal ganglia
[including substantia nigra (SN) and ventral tegmental
area (VTA)], hypothalamus, and amygdala (2).

Given this diverse connectivity, it is not surprising that
PPT/LDTcholinergicneuronshavebeenassociatedwitha
variety of functions, including sleep (3, 4), attention (5–7),
reward (8, 9), and motor function (10, 11). Furthermore,
PPT/LDT cholinergic deficits have been suggested to
underlie some of the cognitive symptoms in a number of
diseases that are accompanied by dementia, including
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Parkinson’s disease, dementiawithLewybodies,multiple
system atrophy, and progressive supranuclear palsy (12).
However, becauseof early technical challenges toproperly
interfere with cholinergic cells, it is possible that some of
the functions previously assigned to cholinergic neurons
are in fact modulated by other populations of PPT/LDT
neurons. Additionally, cholinergic neurons from different
brain regions are known to corelease either glutamate or
GABAwith acetylcholine (ACh) (13–18), and even though
the physiologic relevance of ACh and GABA or ACh and
glutamate corelease has just started to be appreciated (13,
19), recent studies suggest that each of these neurotrans-
mitters can differentially influence behavior (17, 18, 20).
There is evidence indicating that in the PPT/LDT some
cholinergic neurons have the potential to corelease GABA
(1), whereas others have the potential to release glutamate
(1, 21). Furthermore, a recent optogenetic study showed
thatphotoactivationofPPTcholinergic neurons excites the
central amygdala through ACh-independent glutamate
release (22), giving further support forAChandglutamate
corelease from PPT cholinergic neurons. Thus, when in-
vestigating the influence of ACh on behavior, it is impor-
tant to have in mind that even selective elimination of
cholinergic neurons using “cholinergic toxins” results
in decreased release of both neurotransmitters simulta-
neously, complicating the interpretation of behavioral
analysis (19).

Here, we investigated whether dysfunction in PPT/
LDT cholinergic signaling disturbs attention and other
forms of higher-level cognition. To interfere with cholin-
ergic transmission specifically from PPT/LDT, we used a
mouse line in which the vesicular ACh transporter
(VAChT) is deleted selectively in PPT/LDT neurons
(VAChTEn1-Cre-flox/flox,whereEn1 is engrailedhomeobox1
andCre isCre recombinase) (23).VAChT is the transporter
that loads ACh into synaptic vesicles (24) and is essential
for ACh storage (25, 26). Changes in VAChT expression
and function have adirect influenceon the amount ofACh
released from nerve terminals (17, 18, 25–38). Notably,
decreasedVAChT expression affects cholinergic signaling
(17, 18, 20, 23, 25, 26, 30, 31, 36, 37, 38–47), suggesting that
VAChT is the unique transporter for ACh. Importantly,
VAChT deletion disturbs ACh storage and release but
does not kill cholinergic neurons (25, 26, 38). PPT/LDT
VAChT-mutant mice were tested on a battery of behav-
ioral tests, including spatial and cued versions of the
Morris water maze (MWM), Barnes maze, and Y-maze
alternation as well as different touchscreen automated
tasks. Our data suggest that PPT/LDT VAChT-mutant
mice present little cognitive impairment per se, yet they
exhibit increasedsusceptibility to stress,whichmaylead to
performance deficits in stressful paradigms.

MATERIALS AND METHODS

Animals

All experiments were conducted in agreement with the Canadian
Council of Animal Care guidelines for the care and use of animals
and with an animal protocol approved by The University of
WesternOntario (Protocols 2016-103and2016-104). Thegeneration

of VAChTflox/flox mice (37), En1-Cre mice [En1tm2(cre)Wrst/J, Jax
stock number 007916] (48), and VAChTEn1-Cre-flox/flox mouse line
have been previously described (23). Briefly, En1-Cre mice (pro-
vided in amixed 129S1/SvImJ background)were first backcrossed
for at least 4 generations to C57BL6/J (Jax stock no. 000664), and
then theywere crossed to VAChTflox/flox mice (generated inmixed
C57BL/6J3 129/SvEv background, backcrossed to C57BL6/J
for 6 generations). Heterozygous littermates were crossed to
generate VAChTEn1-Cre-flox/flox and VAChTflox/flox. Animals
were housed in groups of 2–4 per cage in a temperature-
controlled roomwith a 12-h light/dark cycle (lights on at 7 AM).
Food and water were provided ad libitum, except for the ex-
periments requiring mild food restriction (e.g., touchscreen
experiments). Food-restrictedmicewere separated and housed
individually or in groups of 2 per cage. Only male mice were
used in all experiments.

Western blots

Immunoblotting was performed as previously described (23).
Briefly, tissues were frozen and kept at280°C until use. For the
preparation of extracts, tissues were homogenized in radio-
immunoprecipiutation assay lysis buffer containing a protease
inhibitor cocktail [150 mM NaCl, 1% TritonX-100, 0.5% sodium
deoxycholate, 0.1% sodiumdodecyl sulfate in 50mMTris (pH5
8.0); Calbiochem, SanDiego, CA,USA]. Extracts remained on ice
for 15min andwere then centrifuged (10,000 g for 20min) at 4°C.
Samples (at least n = 4 in each group) were resolved in 10%
polyacrylamide gels and transferred to PVDF membranes. An-
tibodies used were rabbit anti-VAChT (139 103; research re-
source identifier (RRID): AB_887864; 1:3000; Synaptic Systems,
Göttingen, Germany) and mouse anti-synaptophysin (12270S;
1:1000; Cell Signaling Technology, Danvers, MA, USA). Syn-
aptophysin immunoactivity was used to correct for protein load
because, similar to VAChT, synaptophysin is present in synaptic
vesicles (18, 49). Band intensity was quantified using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed (23). Mice were anesthetized with ketamine and xyla-
zine and perfused with 4% paraformaldehyde. Brains were
removed and postfixed in 4% paraformaldehyde overnight.
After postfixation, brainswere cryoprotected in 30% sucrose in
PBS solution and cut into 40-mm sections using vibratome
(Leica Biosystems, Buffalo Grove, IL, USA). Free-floating sec-
tionswere then rinsed inwashing buffer (PBS +0.15% Triton X-
100), preincubated with 1% hydrogen peroxide for 30 min,
washed again in washing buffer, and blocked with 5% bovine
serum albumin and 5% normal goat serum in washing buffer
for 1 h. Sections were incubated with the primary rabbit anti-
VAChT antibody (139 103; research resource identifier (RRID):
AB_887864; 1:250; Synaptic Systems) overnight in washing
buffer plus 2% normal goat serum. After incubation with the
primary antibody, sections were rinsed in washing buffer and
incubated with Vectastain ABC Kit (Vector Laboratories, Bur-
lingame, CA, USA) according to the manufacturer’s instruc-
tions. A Diaminobenzidine Substrate Kit (Vector Laboratories)
was used as a chromogen. Sections were counterstained with
methyl green and cleared in xylene.

HPLC

Dissected brain tissuewas homogenized in 0.1Mperchloric acid
with 10 ng/ml dihydroxybenzoic acid as an internal standard.
After a brief sonication, samples were kept on ice for 10 min and
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spun in a microcentrifuge at 16,000 g for 15 min at 4°C. The
supernatant was transferred into new tubes and spun again. At
the end, the supernatantwas filtered using 0.2-mmsyringe filters,
diluted (1:1), and analyzed. The analysis was done for dopamine
and its 2 metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA). The HPLC instrument used was
anUltimate 3000 (Thermo Fisher Scientific,Waltham,MA, USA)
with electrochemical detection (Esa Coulochem III; Thermo
Fisher Scientific). The catecholamines were eluted from the
reverse-phase column (Esa Column MD-150X3.2) using a Mul-
tiplexDynamicTemperatureVerification (MDTM)MobilPhase/
2L (701332; Thermo Fisher Scientific). For thesemeasurements, n
= 5 in each group.

Quantitative PCR

For mRNA analysis, tissue samples were frozen on dry ice and
kept at280°C until use. RNA was extracted and purified using
the Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. First-strand cDNA
was synthesized using the High-Capacity cDNA Transcription
Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions.After reverse transcription, the cDNAwas subjected
to quantitative PCR on a 7500 Real-Time PCR System (Thermo
Fisher Scientific) by using Power Sybr Green PCR Master Mix
(Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Relative quantification of gene expression was done
with the 22DDCt method, using b-actin gene expression to nor-
malize the data. For each group, n = 5.

Behavioral testing

In total, 4 cohorts of mutant VAChTEn1-Cre-flox/flox mice and lit-
termate controls (VAChTflox/flox) were used for behavioral ex-
periments, and each cohort was used for consecutive tasks.
Cohort 1 (12 control mice and 10 VAChT mutants): spatial and
cuedMWM→ pairwise visual discrimination task with reversal
(PVD-R)→ paired-associate learning (PAL); cohort 2 (12 control
mice and12VAChTmutants):Y-maze→ spatial andcuedMWM
→ Barnes maze; cohort 3 (12 control mice and 12 VAChT mu-
tants): 5-choice serial reaction time task (5CSRTT) → extinction;
Cohort 4 (14 controlmice and 15VAChTmutants): elevated plus
maze → light/dark preference → tail suspension test (TST) →
forced swim test (FST).Micewere testedbetween the ageof 3 and
11 mo. The age of mice subjected to each behavioral test is in-
dicated in respective sections. Mice were randomized, and the
experimenter was blind to genotypes during behavioral testing
[Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines (50)]. Experiments were performed between 9 AM and
6 PM, andmicewere testedduring the light cycleunlessotherwise
indicated (light/dark preference).

Touchscreen behavioral assessment

All touchscreen-based tasks (PVD-R, PAL, 5CSRTT, and extinc-
tion) were conducted using automated Bussey-Saksida Mouse
Touchscreen Systems model 81426 (Lafayette Instrument Co.,
Lafayette, IN, USA). Scheduleswere designed and the datawere
collected using theAnimal Behavior Environment Test (ABET) II
Touch softwarev.2.15 (Lafayette InstrumentCompany). Because
mice were motivated by a food reward (strawberry milkshake),
they had to undergo mild food restriction (85% of their original
weight or 24.5–25.0 g, whichever was lower). While on food re-
striction, mice were weighed daily or every other day, and their
weights were kept in the required range such that the daily
amount of food provided was either decreased or increased as
required. For all touchscreen tasks,mice were trained 5 d aweek

(1 session/day). Two different cohorts of mice were tested on 2
different batteries of touchscreen tasks: the first battery consisted
of 5CSRTT and extinction and the second battery consisted of
PVD-R and PAL. In all tasks, the correct response latency and
reward latency were measured in addition to other task-specific
variables.

Pretraining

Mice were habituated to the touchscreen apparatus at the be-
ginning of each battery and then pretrained specifically for each
task. The habituation andpretraining procedure are described in
detail in refs. 31, 34, and 35. In short, during the habituation
(phase 1), mice were exposed to the touchscreen apparatus for
10–40 min/d, and they were gradually habituated to the milk-
shake reward with a tone playing whenever the mouse entered
the reward magazine.

The subsequent pretraining phases (phases 2–5) were almost
identical for 5CSRTT, PVD-R, and PAL, except the mask used on
the touchscreen was different (5, 2, or 3 windows and locations,
respectively). The extinction taskwas not precededbyany special
pretraining phase. It immediately followed the 5CSRTT and used
the same mask. Phase 2 of pretraining involved pairing the re-
ward with the presentation of the stimulus on the touchscreen.
Thestimulusappearedrandomly inoneof thewindows,andafter
30 s, itwas removed,andarewardwasgivenpairedwitha tone. If
the mouse touched the screen while the image was displayed, it
immediately received a reward. Once the mouse collected the
reward, a new trial was initiated. This phase was repeated until
the mouse reached the criterion of completion of 30 trials within
60 min for 1 d. In the subsequent phase (phase 3), the mouse was
required to touch the stimulus on the screen in order to receive a
rewardpairedwith a tone.Once again, thiswas repeateduntil the
mouse completed 30 trialswithin 60min. Phase 4was identical to
phase 3 except that themousewas required to initiate each trial by
entering the reward magazine. The criterion again was comple-
tion of 30 trials within 60 min for 1 d. Finally, in phase 5, the
previousprocedurewas repeated; however, if themouse touched
an incorrect screen (with no stimulus displayed), it received no
reward plus a 5-s timeout, during which the house light was
turned on. Phase 5 required the mouse to perform 30 trials in
60 min, with at least 23 correct responses in 2 consecutive days.

PVD-R

The PVD-R, which assesses associative learning and cognitive
flexibility, was performed as previously described in refs. 35 and
51. The mice were first trained to discriminate between 2 visual
stimuli, whichwere presented simultaneously, with their spatial
location randomized over a 30-trial session. If a mouse nose-
poked the correct stimulus (S+), a tone was played, and the
mouse received a reward, whereas if the incorrect stimulus (S2)
was nose-poked, themouse received a 5-s timeout, duringwhich
the house light was turned on, followed by a correction trial. The
correction trial was repeated with the same configuration as the
preceding incorrect trial until themousemadea correct response.
The correction trials were not included in the total count of
completed trials or in the final percentage of correct responses.
The criteriawas to complete 30 trials in a session and 80% correct
responses for2 consecutivedays.Oncemice reachedcriteria, they
were given 2 sessions to assess baseline performance on the task,
and then the reversal phase was initiated. In the reversal phase,
the rule associated to each stimulus was switched; that is, the
rewarded image (S+) during acquisition became the (S2) image
in reversal and was punished, whereas the (S2) image from ac-
quisitionbecame the correct stimulus andwas rewarded.Theage
range ofmice in this experimentwas 11–13, and n= 12 and 10 for
controls and mutants, respectively.
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5CSRTT

To evaluate attention, mice were trained in the 5CSRTT using a
protocol previously described by Kolisnyk et al. (34). Briefly,
every session lasted a maximum of 60 min and consisted of a
maximum of 50 trials. Each trial was initiated after the mouse
entered the reward magazine. The stimulus (white square) was
presented after a variable 5–10-s delay, during which the animal
was required to attend to the screen. In case the mouse pre-
maturely touched the screen during this delay, the responsewas
recorded as premature, and themousewas punishedwith a 10-s
timeout. The stimulusdurationwas initially set to 4 s followedby
a limited holding period of 5 s, during which the stimulus was
absent, but themouse could still respond to the location (holding
period). Responses to the stimulus window during the stimulus
presence or the holdingperiodwere recorded as correct,whereas
responses to any otherwindowwere recorded as incorrect. A
correct choice was associated with a tone, reward magazine
illumination, and reward delivery. An incorrect response
was punishedwith a 10-s timeout. A failure to respond to any
window either during stimulus display or during the hold-
ing period was recorded as an omission and punished with a
10-s timeout. Perseverative responses to the screen after
premature, correct, and incorrect choices were also recorded.
Once the performance of a mouse reached criterion at the 4-s
stimulus duration (completing aminimum of 30 trials within
60 min with a minimum 80% accuracy and a maximum 20%
omissions for 3 consecutive days), the stimulus duration was
reduced to 2 s. After reaching criterion with the 2-s stimulus,
micewere transferred to probe trials. During the probe trials,
each mouse was tested for 2 consecutive days at a given
stimulus duration (1.5, 1.0, 0.8, and 0.6 s). After each test, the
animal was retested on the 2-s stimulus duration for 2 d to
assess baseline performance. The order of the probe trial
sessions was semirandomized across the cohort. On all
5CSRTT sessions, accuracy was defined as the total number
of correct responses divided by the number of correct and
incorrect responses, and the rate of omissions was the pro-
portion of omitted responses to total trials. A premature re-
sponse was counted when the mouse touched one of the
windows before stimulus onset. Finally, a perseverative re-
sponse was any identical response that occurred following a
correct response. Age range of mice in this experiment was
8–10 mo, and n = 11 for both control and mutant group.

Extinction

Extinction was used to assess response inhibition. We fol-
lowed a protocol previously described by Nithianantharajah
et al. (52) with minor modifications. During the extinction
acquisition phase, mice were required to respond to a white
square stimulus presented in the center of the screen in order
to obtain a reward. The stimulus remained on the screen until
a response was made and was removed afterward, together
with a tone,magazine illumination, and reward delivery. The
acquisition criterion was defined as completing 30 trials
within 12.5 min on 5 consecutive sessions. After reaching this
criterion, mice were transferred to the extinction probe phase
in which responses to the stimulus were no longer rewarded
nor accompanied by any other feedback. During the probe
sessions, the stimulus was displayed for 10 s, and then it was
automatically removed if a response was not made. After a
10-s intertrial interval, a new trial (stimulus presentation)was
automatically initiated. The session was terminated after 30
trials (the maximum time of 1 session when no response was
made was 12.5 min). The extinction probe phase was con-
ducted over the course of 6 d (1 session/day). Age range of
mice in this experiment was 13–15 mo, and n = 6 for both
control and mutant groups.

PAL

To assess location memory with a touchscreen-based task,
the PAL task was performed following a previously pub-
lished protocol byHorner et al. (53) with slight modifications
(31). A set of 3 striped patterns was used in this task to make
the new stimuli clearly distinguishable from the stimuli used
in the preceding PVD-R. In the PAL task, mice have to create
an association between a stimulus and its position on the
screen so that each stimulus is only correctwhen it appears in
the specific correct position (left, middle, or right window).
In each trial, the mouse was presented with 2 different
stimuli, one of them located in the correct position and one in
the incorrect position. The third window in the touchscreen
mask remained blank, and a nose-poke to this window did
not lead to any feedback. The mouse was required to nose-
poke only the stimulus located in the correct position. Cor-
rect responses were rewarded with milkshake, whereas
incorrect responses were punished with a timeout. The in-
correct response was followed by the correction trial, in
which the stimuli were shown in the exact same configura-
tion until the correct responsewasmade. At the beginning of
the PAL task, after the standard pretraining, mice un-
derwent 1 session of PAL acquisition. In this session, mice
were trained to recognize the correct image and location
pairs. Only the correct response was associated with the re-
ward, and the incorrect response or response to the blank
window did not lead to any feedback. Mice were required to
complete 36 trials in the PAL acquisition session to be
transferred to the PAL evaluation phase. The evaluation
phase consisted of 45 daily sessions, during which the mice
were trained in the PAL task, and their performance was
continuously evaluated. Every PAL session consisted of 36
trials that were divided into 6 types based on the exact
configuration of the 2 stimuli in their correct and incorrect
positions. During 1 PAL session, 6 trials of each trial type
were presented in a semirandom order. A correct response
was associated with a tone, magazine illumination, and re-
ward delivery. If an incorrect responsewasmade, the stimuli
were removed from the screen, and the house light was
turned on for a 5-s timeout period, after which the intertrial
interval began. Every incorrect trial was followed by a cor-
rection trial as previously described, and every trial had to be
initiated by the magazine entry.

Immediately after finishing 45 sessions of PAL, mice were
subjected to 3 more sessions of the PAL task with an audio
distraction followed by 4 sessions of the regular PAL task to
reevaluate the baseline performance. Lastly, the mice were
subjected to 3 more sessions of the PAL task with a visual
distraction. The distraction sessions were identical to the
regular PAL task, except in the sessions with an audio dis-
traction (tone sessions), a tone different from the reward tone
was played intermittently (200 ms tone on, 800 ms tone off)
from themoment themouse initiated a new trial bymagazine
entrance until a response was made (either correct or in-
correct). In the sessions with visual distraction, the distrac-
tion image (different from task stimuli; different image in
each of the 3 distraction sessions)was presented on the screen
during the trial in the third blank window instead of the
background. The distraction tone and imagewere not played
or shown during correction trials. The age range of mice in
this experiment was 13–15 mo, and n = 11 and 10 for controls
and mutants, respectively.

Spatial and cued version of the MWM task

Spatial memory was assessed using the spatial version of the
MWM task as previously described in refs. 36 and 54. Animals
(age range in cohort 1: 6–8 mo; and in cohort 2: 3–5 mo)

MESOPONTINE ACETYLCHOLINE, COGNITION, AND STRESS 7021



underwent 4 training trials per day (maximum time was 90 s
each) with a 15 min intertrial interval for 4 d. The task was per-
formed in a 1.5-m–diameter pool with 25°C water and spatial
cues (posters with simple black and white patterns) distributed
around the pool. Mice that were unable to find the clear plastic
platform hidden 1 cm below the surface of the water after 90 s
were gently guided to the platform and then removed out of the
water. On the fifth day, spatial memory was evaluated using a
probe trial lasting 60 s in which the platform was removed. The
time spent in the target quadrant of the poolwasmeasuredusing
Any-maze software (Stoelting, Wood Dale, IL, USA).

The cued version of the MWMwas performed as previously
described by Rossato et al. (55). For this variation, the platform
was at water level and visible with a cue (plastic block or black
andwhite striped flag in cohorts 1 and 2, respectively) placed on
it. Mice (cohort 1 + 2) were tested over 2 d with a novel platform
and starting location combinations. Mice underwent 8 consecu-
tive training trials with a 30-s intertrial interval on d 1. After 24 h,
mice were probed for their retention in 2 trials, starting from
positions that were not used during training.

Spontaneous alternation Y-maze task

The spontaneous alternation Y-maze task was used to evaluate
working memory. The task was performed using a symmetrical
Y-shaped maze as previously described in refs. 26 and 34. All
sessionswere recorded, and the order and number of arm entries
were measured by Any-maze software. Spontaneous alternation
corresponds to mice visiting all 3 arms of the maze in sequence
without revisiting a previous arm. The number of overlapping
entrance sequences (e.g.,ABC,BCA)wasdefinedas thenumberof
alternations. The effect was calculated as the percentage alterna-
tion according to the following formula: [total alternation / (total
arms entered2 2)]3 100. Thus, an index of 50%means a random
selection of goal arms. Cohort 2 was used at the age of 3–5 mo.

Barnes maze task

The Barnes maze task was used as an alternative test for the
assessment of spatial memory andwas performed as previously
described by Rossato et al. (56). The Barnes maze (San Diego
Instruments, San Diego, CA, USA) consisted of a white, circular
platform (92 cm in diameter) with 20 equally spaced holes (5 cm
in diameter; 7.5 cm between holes), elevated 105 cm above the
floor. During the test, mice learned to escape from an elevated
open arena into an escape box located under one of the holes,
whose location they had to memorize based on external spatial
cues.Duringapretraining trial,micewereplaced in themiddleof
a circular platform and gently guided to the escape box. After
that, mice underwent 4 training trials per day with a 15-min
intertrial interval for 4 d. The maximum length of 1 trial was
3 min. Twenty-four hours after the last training day, mice re-
ceived a probe trial. During the probe trial, the escape box was
removed, and visits into the target hole and other holes during
the 90 s were recorded. Cohort 2 was used at the age of 9–11mo.

Elevated plus maze

The elevated plus maze was used to assess anxiety-like behavior
in mice (57). The elevated plus maze is a plus-shaped platform
with 2 open arms and 2 arms closedwith dark plasticwalls.Mice
were placed in the center of the platform and allowed to freely
explore the maze for 5 min. A video monitor was placed above
themaze, and the total amount of time spent in theopenor closed
arms of the maze as well as the total distance traveled was cal-
culated using the Any-maze software. Cohort 4 was used in this
experiment at the age of 3–5 mo.

Light/dark preference test

The light/dark preference test, used to evaluate anxiety-like
behavior, was performed as described byMartyn et al. (36). In
short, a black plexiglass insert (dividing the 403 40–cm open
field arena into 2 halves) was placed in the locomotor box
arena. The black insert had a small opening in the front to
allow the mouse to move freely between the open and the
covered half of the arena. The test was done during the dark
phase of the light cycle (active phase) in a bright room. Mice
were placed in the center of the open part of the arena and
allowed to freely explore both the open and covered part.
Ambulatory activity and the time spent in each part of the
arena during the 10-min session were recorded using the
VersaMax Animal Activity Monitoring System (OmniTech
Electronics, Columbus, OH, USA).

TST

The TST was used to measure depressive-like behavior (58).
Mice were suspended by their tail for 6 min on a bar 30 cm
above a table using masking tape placed 1.5 inches from the
base of the tail (36). Sessions were recorded, and immobility
time and number of immobility episodes were quantified
using Any-maze software. Cohort 4 was used in this experi-
ment at the age of 3–5 mo.

FST

The FSTwas also used to measure depressive-like behavior (59).
Mice were placed in a 2-L beaker with 1.8 L of 25–27°Cwater for
6 min. A video monitor was placed above the beaker and, using
theAny-maze software, time spent immobile anddistance swam
were calculated. Only data taken from 2 to 6minwere analyzed.
Water was changed every 2–3 mice. Cohort 4 was used in this
experiment at the age of 3–5 mo.

Measurement of corticosterone

We measured corticosterone levels in plasma samples of
mutant and control mice subjected to swimming. During the
procedure, initial blood sampleswere taken from the tail vein,
and mice were transferred to the MWM apparatus and
allowed to swim for 10 min. Two more blood samples were
taken 20 and 60 min postswim. Core temperature of the mice
was also measured before and after swimming (immediately
and 20 and 60 min after swim) using a rectal thermometer. In
addition, a general increase in stress responsiveness was
tested by the tube restraint test. Mice were subjected to re-
straint in the tube for 30 min. The baseline blood sample was
taken immediately after the start of restraint. Another blood
sample was taken immediately after restraint.

DetectX Corticosterone Enzyme Immunoassay Kit (Arbor
Assays, Ann Arbor, MI, USA) was used for measurements.
Plasma was removed from the blood samples, placed into dis-
sociation reagent, and diluted to a final concentration of 1:100
with diluted assay buffer. Samples were subjected to the assay
protocol, and hormone levels were assessed with a plate reader
using Softmax Pro software (Danaher, Washington, DC, USA);
n = 5–6/group.

Experimental design and statistical analysis

To test if deletion of ACh released by PPT/LDT cholinergic
neurons affects performance in different cognitive tasks, we
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always compared VAChTEn1-Cre-flox/flox mice and control litter-
mates. The tasks were organized in several batteries as pre-
viously described. Cued and spatialMWMwere performed in
2 different cohorts by 2 different researchers. Because the data
obtained in these 2 independent experiments did not differ,
they were pooled together. Data are expressed as means 6
SEM. Prism 7 software (GraphPad Software, La Jolla, CA,USA)
was used for statistical analysis. Student’s t test was used to
compare 2 experimental groups for analysis of Western blots,
quantitative PCR, andHPLC; for behavioral tests [PVD-R (no.
of trials required to reach criteria), Y-maze, FST, andTST]; and
for analysis of weight of mice subjected to MWM. Two-way
ANOVA was used to compare the performance of mice in
multiple probe trials of the 5CSRTT, in the analysis of vigi-
lance, in the probe trials of the spatialMWMand Barnesmaze
tasks, in the elevated plusmaze, and in light/dark preference.
Two-way ANOVAwith repeated measures (RM) was used to
compare repeated measurements during spatial and cued
MWM training, Barnes maze training, reversal phase of PVD-
R, the PAL task, and extinction aswell as RMof corticosterone
and body temperature of mice subjected to swimming in the
MWM. Bonferroni and Dunnett post hoc comparison tests
were used to analyze differences between and within exper-
imental groups, respectively. Power analysis based on pre-
vious experiments using touchscreens and conventional
behavioral tests guided the number of mice used in each
group.

RESULTS

VAChT immunoreactivity is strongly
decreased in the thalamus, hypothalamus,
brainstem, and midbrain of
VAChTEn1-Cre-flox/flox mice

We have previously shown that Cre expression driven
by the En1 promoter almost completely deletes PPT/
LDT VAChT in VAChTEn1-Cre-flox/flox mice while sparing
VAChT in brainstem motor nuclei (23). Consequently,
VAChT expression on cholinergic nerve terminals in-
nervating PPT/LDT target structures was significantly
decreased (23). To reproduce these data and to include
additional brain regions to which PPT/LDT cholinergic
neurons project (2), we performed immunoblots for the
brainstem, thalamus, hypothalamus, and striatum in a
new cohort of mice. We also performed immunohisto-
chemistry of the midbrain to examine VAChT expression
in the VTA and SN because these regions are highly in-
nervated by PPT/LDT cholinergic neurons (2) but are
difficult to isolate for immunoblotting. As controls, we
included cortex and hippocampus on the immunoblot
analysis. As shown in Fig. 1A–C, in agreement with our
previous study, we found that VAChT protein expression
was decreased 50% in the brainstem and 80% in the thal-
amus (mean6 SEMpercentage ofVAChT levels inmutants
relative to controls in the brainstem was 50.7 6 2.3, t =
4.341, df = 6, P , 0.005, 2-tailed Student’s t test; in the
thalamus, 19.4 6 8, t = 6.053, df = 6, P , 0.001, 2-tailed
Student’s t test). Additionally, we found that VAChT ex-
pression in the hypothalamus of VAChTEn1-Cre-flox/flox

mice is 75%decreased (mean6 SEM percentage of VAChT
levels in mutants relative to controls was 24.2 6 1.4, t =
3.891, df = 6, P , 0.05, 2-tailed Student’s t test). Re-
markably, in the striatum, we found no difference in

VAChT expression between control andmutantmice (Fig.
1D; mean 6 SEM percentage of VAChT levels in mutants
relative to controls was 127.56 14.1, t = 1.441, df = 6, P =
0.1997 2-tailed Student’s t test). Likewise, in the cortex
and hippocampus, no differences in VAChT expres-
sion between mutant mice and controls were observed
(Fig. 1E, F; cortex, 91.6 6 6.8, t = 0.6731, df = 6, P =
0.5259, 2-tailed Student’s t test; hippocampus, 84.0 6
10.3, t = 0.7507, df = 6, P = 0.4812, 2-tailed Student’s t
test), confirming our previous observations with a
distinct cohort of mice (23). Furthermore, immuno-
histochemistry analysis showed that VAChT staining
on cholinergic projections coming from the PPT/LDT
to VTA and SN (Fig. 1G–L) are highly decreased in
VAChTEn1-Cre-flox/flox mice. Together, these data in-
dicate that the Cre-loxP (locus of X-over P1) approach
is highly efficient in deleting VAChT from PPT/LDT
cholinergic neurons while sparing the VAChT gene on
cholinergic neurons from other brain regions, including
on motor neurons in the brainstem, as we previously
reported (23).

PPT/LDT neurons can directly (60) and indirectly
modulate striatal function (2). In particular, cholinergic
projections to the SN pars compacta and VTA can activate
dopaminergic neurons through nicotinic and M5 musca-
rinicAChreceptorsand increasephasic releaseofdopamine
in the striatum (61). We therefore tested the striatal content
of dopamine and its metabolites in VAChTEn1-Cre-flox/flox

mice. Using HPLC, we found that the striatal content of
dopamine metabolites DOPAC and HVA were signifi-
cantly decreased in mutants compared with controls
[Fig. 1M, N; DOPAC: 55.0 6 3.6 for controls and 37.3 6
3.7 ng/100mg of tissue for VAChTmutants, n = 5, t (8) =
3.44, P = 0.0089; HVA: 23.66 1.7 for controls and 14.66
1.2 ng/100mg of tissue for VAChTmutants, n = 5, t (8) =
4.34,P= 0.0025, 2-tailed Student’s t test]. Although the data
indicated an ;20% decrease in dopamine levels, these
values just failed significance [Fig. 1O; 713.2 6 74.3 ng/
100 mg of tissue for controls and 518.66 42.5 for VAChT
mutants, n = 5, t (8) = 2.27, P = 0.0526, 2-tailed Student’s t
test]. In addition, the ratio ofDOPAC+HVA todopamine,
markers of dopamine turnover, was not changed in
VAChTEn1-Cre-flox/flox mice (0.11 6 0.01 for controls and
0.106 0.01 for VAChTmutants).We also tested for striatal
mRNA expression levels of dopamine receptors 1 and 2
and found no difference between VAChT mutants and
controls (Fig. 1P, Q). Taken together, these results suggest
that decreased cholinergic tone from the PPT/LDT might
affect dopamine release in the striatum, whereas dopa-
mine turnover is not affected.

VAChTEn1-Cre-flox/flox mice present no
attentional deficit in the 5CSRTT

It has been previously reported that cholinergic neurons
in thePPT/LDTare involved in sustainedattention (5–7),
but most of these experiments used nonspecific toxins
to probe the role of cholinergic signaling. We tested
whether long-term dysfunction of cholinergic PPT/LDT
signaling affects attention using the 5CSRTT (Fig. 2A–H).
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Surprisingly, VAChTEn1-Cre-flox/flox mice did not differ
fromcontrols inanyof the recordedparameters, including
the number of training sessions required to reach criteria,
rates of accuracy, omissions, premature andperseverative
responses, and the response and reward collection la-
tency, during the probe sessions [2-way ANOVA, main
effect of genotype on the number of training sessions: F(1,
42) = 1.26, P = 0.2681; accuracy: F(1, 84) = 0.02986, P =
0.8632; omissions: F(1, 84) = 3.506, P = 0.0646; premature
responses: F(1, 84) = 0.9317, P = 0.3372; perseverative re-
sponses:F(1, 82)=0.6171,P=0.4344; response latency:F(1,
84) = 1.671,P= 0.1997; reward latency: F(1, 83) = 1.981,P=
0.1630]. We also assessed vigilance (sustained attention
over the session). To do that, we separated each probe
session consisting of 50 trials into 5 bins, each containing
10 trials. Accuracy and omission were analyzed in each
bin separately. Mice able to maintain attention over the
course of the session were not expected to significantly
decrease theirperformanceduring the session (52). In both
control and mutant mice, we found a significant effect of
bin on accuracy and omission, as expected (Fig. 2I–L) [2-
wayANOVA,main effect of bin on accuracy andomission,
respectively, in controlmice: F(4, 197) = 4.196,P= 0.0028;
and F(4, 196) = 3.005, P = 0.0195; main effect of bin on
accuracy andomission inmutantmice:F(4, 198)=5.761,P=

0.0002; and F(4, 198) = 5.214, P = 0.0005]. However, per-
formance was maintained during the session for both ge-
notypes. Hence, VAChTEn1-Cre-flox/flox mice presented no
sustained attention deficits.

It has been shown that optogenetic activation of PPT/
LDT cholinergic neurons is sufficient to impair extinction
of lever pressing in rats (62). To investigate if long-term
cholinergic dysfunction may interfere with extinction, a
subgroup of mice that finished the 5CSRTT, and there-
fore were overtrained in using touchscreens, were tested
on their ability to supress a previously learned response
that is no longer reinforced (Fig. 2M, N). Interestingly,
VAChTEn1-Cre-flox/flox mice did not show any impairment
in extinction comparedwith controls (Fig. 2N) [percentage
of emitted responses during extinction phase analyzed by
RM 2-way ANOVA, main effect of genotype: F(1, 10) =
0.005655, P = 0.9415].

Given the alteration in dopamine metabolism in the
striatum, we tested whether loss of cholinergic signaling
in the PPT/LDT projections affects cognitive flexibility
using the PVD-R. VAChTEn1-Cre-flox/flox mice displayed no
deficit in visual discrimination and associative learning
(Fig. 3A, B) because they learned to respond to the correct
stimulus in order to get a reward as quickly as controls
[mean 6 SEM of the number of sessions required to reach

Figure 1. VAChTEn1-Cre-flox/flox mice have decreased expression of VAChT in the brainstem, thalamus, hypothalamus, and
midbrain. A–F) Representative immunoblots and quantification of VAChT protein expression in VAChTEn1-Cre-flox/flox mice and
littermate controls in the brainstem (A), thalamus (B), hypothalamus (C), striatum (D), cortex (E), and hippocampus (F). White
columns, controls; black columns, mutants (n = 4 in all groups). G–L) Examples of brain sections immunostained for VAChT with
3,3’-diaminobenzidine (arrows pointing to examples of nerve terminals stained for VAChT) and counterstained with methyl
green in controls (G–I) and VAChTEn1-Cre-flox/flox (J–L) mice. Black boxes in overview images (G, J ) correspond to location of
VTA (left box) and SN (right box). Enlarged images of VTA (H, K) and SN (I, L) with additional enlargement shown presented
in the inset. Scale bars: 500 mm (overview image); 75 mm (enlarged image). M–O) HPLC measurements of DOPAC (M), HVA
(N), and dopamine (O); n = 5 for each genotype. P, Q) Dopamine receptor 1 (D1; P) and Dopamine receptor 2 (D2; Q) mRNA
expression in the striatum of VAChTEn1-Cre-flox/flox mice (n = 5 in both groups). Fx, flox. Data are expressed as means 6 SEM.
**P , 0.01, by Student’s t test.
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the performance criterion in controls and mutants, re-
spectively: 9.36 1.3, 9.16 1.1, t (20) = 0.1334,P= 0.8952, 2-
tailed Student’s t test]. In contrast, in the reversal learning
phase, VAChTEn1-Cre-flox/flox mice showed a minor alter-
ation: they presented longer reaction times and increased
number of correction trials during the initial reversal ses-
sions (d 1–4), suggesting a modest effect on cognitive
flexibility (Fig. 3C–G) (reaction times: significant differ-
ences between the control and mutant mice on d 3 and 4,
P=0.006andP=0.02 ford3and4, respectively,Bonferroni
post hoc test; number of correction trials: significant dif-
ferences between control andmutantmice on d 1, 2, and 3,

P = 0.0002, P = 0.0356, and P = 0.0181 for d 1, 2, and 3,
respectively, Bonferroni post hoc test). However, the overall
rate of correct choices was not different between controls
and mutants in the reversal sessions [RM 2-way ANOVA,
maineffect of genotype:F(1, 20) = 0.00991,P=0.9217; time
vs. genotype interaction: F(21, 420) = 1.388, P = 0.1187].
This indicates that the higher number of correction trials
was caused by choosing the incorrect response repeatedly,
even after receiving feedback for an incorrect choice.
(Correction trials are not counted into the total number of
trials, so they do not contribute to overall percentage of
correct choices.)

Figure 2. VAChTEn1-Cre-flox/flox mice are not impaired in the 5CSRTT or extinction. A) Schematic of the 5CSRTT. Mice learn to
respond to one of the 5 windows whenever a brief light stimulus is presented. B) Number of training sessions required to reach a
predefined criterion with 2 different stimulus durations (4 and 2 s). White columns, controls; black columns, mutants. C–H)
Parameters recorded during probe trials of the 5CSRTT are as follows: percentage of correct responses (C), percentage of
omitted responses (D), correct response latency (E), reward collection latency (F), number of premature responses (G), and
number of perseverative responses (H). Open circles, controls (n = 11); black squares, mutants (n = 12). I–L) Evaluation of
vigilance during the 5CSRTT. Percentage of correct responses during individual 10-trial bins in controls (I) (n = 11) and mutants
(K) (n = 11). Percentage of omitted responses during individual bins in controls (J ) and mutants (L). Small black circles, probe
sessions with 1.5-s stimulus duration; large black circles, 1.0-s stimulus duration; black squares, 0.8-s stimulus duration; open
squares, 0.6-s stimulus duration. M) Schematic of the extinction task. During the acquisition phase, mice learn to respond to a
light stimulus to receive a reward. The learned response is extinguished during the extinction phase when no reward is provided.
N) Rate of completed responses during the extinction phase of the task. Fx, flox. Data are expressed as means 6 SEM.
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VAChTEn1-Cre-flox/flox mice are not able to learn
an aversive spatial and cued MWM task, but
they have normal performance in the Barnes
maze task

Previous studies have suggested that PPT/LDT are im-
portant for normal performance in spatial learning tasks,
including theMWM(63–66). To test if cholinergic neurons
of the PPT/LDT can contribute to spatial learning and
memory, we first investigated VAChTEn1-Cre-flox/flox mice
and their control littermates in the MWM task. These
experiments were performed in 2 independent cohorts
of mice by 2 different investigators (H.J. and K.H.), with
essentially identical results; therefore, the data from the
2 cohorts were pooled (Fig. 4A–J).

During the 4 d of training, control mice clearly im-
proved their performance, whereas VAChTEn1-Cre-flox/flox

mice did not learn the task, and the latency to reach the
platform was virtually the same on d 4 as on d 1. This
was confirmed byRM2-wayANOVA,which showed a
significant difference between the genotypes and a
significant genotype vs. day interaction [Fig. 4A; main
effect of genotype: F(1, 140) = 8.56, P = 0.0056; genotype
vs. day interaction: F(3,120) = 7.95, P , 0.0001, RM 2-
way ANOVA]. Correspondingly, although the dis-
tance traveled and path efficiency improved over the
course of training in control mice (Fig. 4B, D), they did
not change in mutants [RM 2-way ANOVA, genotype
vs. day interaction for the distance traveled: F(3, 120) =
5.285, P = 0.0019; for the path efficiency: F(3, 120) =
4.486, P = 0.0051]. In addition, the mean speed of
swimming was consistently higher during training in

the control group compared with mutants (Fig. 4C)
[RM 2-wayANOVA,main effect of genotype: F(1, 40) =
4.817, P = 0.0341]. Twenty-four hours after the last
training day, the hidden platform was removed, and
the time mice spent in the target quadrant (where the
platform used to be located) was measured. Although
control mice spent most of the time (50%) looking for
the platform in the target quadrant, the time mutant
mice spent in the target quadrant was not significantly
different from the other quadrants, confirming that
these mice did not learn and remember where the
platform was previously located [Fig. 4E; significant
genotype and quadrant interaction: F(3,160) = 7.98, P,
0.0001, 2-way ANOVA; mean 6 SEM of percentage of
time spent in the target quadrant in control andmutant
groups, respectively: 54.86 4.7, 30.06 5.2, P = 0.0005,
Bonferroni post hoc test].

Because of the marked impairment in mutant mice
performance, we tested whether this impairment is
related to a deficit in spatial learning andmemory. For
that, we first employed a control procedure for the
MWM, the cued MWM (54). In the cued MWM, mice
are tested for their ability to swim to a visible platform
containing a flag (or a plastic block) that extends above
the water surface, making it readily recognizable from
across the pool. The ability to perform in the cued
MWM is usually considered a prerequisite for normal
performance in the spatial version of MWM (54).
Similar to theMWM task, control mice learned quickly
in the cued MWM and significantly shortened their
latency to reach the platform from d 1 to 2 of the task.

Figure 3. VAChTEn1-Cre-flox/flox mice show only minor deficits in the PVD-R. A) Schematic of the PVD-R. Mice learn to respond to
the correct cue during the acquisition phase, and they have to adapt to the switched contingencies during the reversal phase. B,
C) The number of training sessions required to reach a predefined criterion during the acquisition (B) and reversal phases (C)
for controls (white columns) and mutants (black columns). D–G) Parameters recorded during the 2 baseline sessions of the
acquisition phase (first 2 points in each graph) and during the 20 sessions of the reversal phase of the PVD-R are as follows:
percentage of correct choices (D), number of correction trials (E), correct response latency (F), and reward collection latency
(G). Open circles, controls (n = 12); black squares, mutants (n = 10). Fx, flox. Data are expressed as means 6 SEM. *P , 0.05,
**P , 0.01, ***P , 0.001, by Bonferroni post hoc test.
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They also decreased the distance traveled to the plat-
form, even though their swim speed did not change. In
contrast, VAChT-mutant mice did not improve any of
these parameters, and they were also significantly

worse comparedwith controls on both days of the task
[Fig. 4G–J; RM2-wayANOVA,main effect of genotype
on time to reach platform: F(1, 32) = 30.16, P, 0.0001;
on distance traveled: F(1, 32) = 7.665, P = 0.0093].

Figure 4. VAChTEn1-Cre-flox/flox mice do not learn in the spatial and cued versions of the MWM task, but they have no deficit in
working memory or spatial learning in the Barnes maze task. A–D) Parameters recorded during 4 successive training days of the
spatial version of the MWM are as follows: time to reach the hidden platform (A), distance traveled to the platform (B), mean
speed (C), and path efficiency (D). Open circles, controls (n = 22); black squares, mutants (n = 20). E) Time spent in the target
(T), left (L), right (R), and opposite (O) quadrants during the probe trial of the spatial MWM. White columns, controls; black
columns, mutants. F) Representative path traces for 2 control mice (upper row) and 2 mutant mice (lower row) during the probe
trial of spatial MWM (target quadrant is marked by an asterisk). G–J ) Parameters recorded in the cued version of the MWM
during d 1 (training) and 2 (probe) are as follows: time to reach the visible platform (G), distance traveled to the platform (H),
and mean speed (I). Representative path traces for 2 control mice (upper row) and 2 mutant mice (lower row) during the probe
trial cued MWM (target quadrant is marked by an asterisk; J). Data are pooled from 2 independent experiments in 2
independent cohorts of mice (A–J). K) Percentage of alternations in the spontaneous alternations Y-maze task. Controls, n = 12;
mutants, n = 11. L) Time to reach the target hole entry in the Barnes maze task during 4 successive training days. Controls, n = 11;
mutants, n = 11. M) Number of nose pokes to target (T) and all other possible locations of holes during the probe trial of the
Barnes maze task. Fx, flox; n.s., not significant. Data are expressed as means6 SEM. *P , 0.05, **P , 0.01, ***P, 0.001, ****P ,
0.0001, by RM 2-way ANOVA [main effect of genotypes (A, C)] or by Bonferroni post hoc test.
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Similar to the spatial version ofMWM, themean speed
of swimmingwas lower inmutants comparedwith the
control group [Fig. 4I; RM 2-way ANOVA, main effect
of genotype: F(1, 32) = 9.975, P = 0.0035].

To investigate further the basis of this altered per-
formance in the MWM test, we investigated spatial
working memory using the spontaneous alterna-
tions Y-maze task. VAChTEn1-Cre-flox/flox mice did not
perform differently from controls in this test [Fig. 4K;
mean6 SEM percentage of alternations, controls: 75.86
1.2, mutants: 72.06 1.6; 2-tailed Student’s t test, t (21) =
1.86,P= 0.0769].We then further tested spatial learning
andmemory using the Barnesmaze task. This task tests
similar cognitive domains as the MWM in that the
mouse has to remember the location of a hidden escape
box in an open circular arena using external spatial
cues. Contrary to the deficit observed in theMWM test,
VAChTEn1-Cre-flox/flox mice learned normally in the
Barnes maze task [Fig. 4L; RM 2-way ANOVA, main
effect of genotype: F(1, 80) = 1.581, P = 0.212; genotype
vs. day interaction: F(3, 80) = 0.5019, P = 0.6821], and
during the probe trial, they remembered the location of
the hidden escape box, as their preference for the cor-
rect location did not differ from controls [Fig. 4M; 2-
way ANOVA, genotype vs. hole interaction: F(19, 400)
= 1.059, P = 0.3920]. These results suggest that the
worse performance of VAChTEn1-Cre-flox/floxmice in the
MWMwas not caused by a deficit in spatial learning in
these mice.

To explore potential cognitive deficits in
VAChTEn1-Cre-flox/flox mice, we used PAL, a task re-
quiring the ability to pair 3 different stimuli with their
correct spatial location in touchscreens (Fig. 5A, B). As
can be observed in Fig. 5C–F, VAChTEn1-Cre-flox/flox

mice did not differ from controls in their performance
throughout the PAL task [RM 2-way ANOVA, main
effect of genotype on the percentage of correct choices:
F(1, 19) = 9.607e25, P = 0.9923; genotype vs. time in-
teraction: F(44, 836) = 0.8288, P = 0.7787]. These results
further support the notion that VAChT mutant poor
performance in the MWM was not due to general
learning and memory deficits.

One possible explanation for the abnormal perfor-
mance of VAChTEn1-Cre-flox/flox mice in the MWM is
that these mutant mice have an abnormal response to
stress. To investigate whether stress could interfere
with VAChT mutant performance in the PAL task, we
exposed mice tested in PAL to mild stress during 3
additional sessions. In these sessions, an unfamiliar
tone (1 kHz at 55 dB) was played intermittently from
the beginning of each trial until either a correct or in-
correct choice was made. Although performance of
controls and mutants was not different prior to tone,
control mice were able to maintain performance in the
tone-added sessions, whereas VAChT mutant perfor-
mance was decreased, as measured by percentage of
correct responses [Fig. 5G; RM 2-way ANOVA, main
effect of genotype on the percentage of correct re-
sponses: F(1, 19) = 4.613, P = 0.0448; no main effect
of genotype on number of correction trials: F(1,
19) = 2.986, P = 0.1002, Fig. 5H]. We also tested if a

nonstressful distraction could negatively influence
performance of mice in the PAL task, and for that, we
added 3 more PAL sessions in which a new unfamiliar
image was displayed during each trial in place of a
previously blank window. The performance of both
control and mutant mice was not significantly affected
by this new condition (Fig. 5H). Hence, adding a mild
stressor to the PAL task effectively differentiated the
performance of VAChTEn1-Cre-flox/flox from control
mice.

Taken together, our data from the Y-maze, the
Barnes maze, and the different PAL tests suggest that
the abnormal behavior of VAChTEn1-Cre-flox/flox mice in
the MWM is unrelated to their ability to encode new
spatial information. Because the addition of a mild
stressor in the PAL task negatively affected VAChT-
mutant mice, it is possible that VAChT mutants are
more susceptible to stress. Thus, one possible expla-
nation for the poor MWM performance is that VAChT-
mutant mice became too stressed during the task and
were unable to learn because of increased anxiety levels
(67).

Therefore, we tested anxiety-like behavior by using
the elevated plus maze and light/dark preference
tests. There was no difference in performance in the
elevated plus maze between the 2 genotypes, sug-
gesting that being in an open space did not increase or
decrease the level of anxiety-like behavior in VAChT-
mutant mice compared with controls [Fig. 6A, B; 2-
way ANOVA,main effect of genotype on time spent in
closed and open arms and on number of entries into the
arms, respectively: F(1, 54) = 0.035, P = 0.8528; and F(1,
54) = 0.083, P= 0.7747]. In contrast, VAChTEn1-Cre-flox/flox

mice spent more time in the dark compartment during
the light/dark place preference test, suggesting a po-
tential increase in anxiety-like behavior in this test
(Fig. 6C; mean 6 SEM of the time spent in the light
compartmentwas 172.16 21.52 for controls and 96.86
20.08 for mutants, P = 0.031; mean 6 SEM of the time
spent in the dark compartment was 427.9 6 21.52 for
controls and 503.26 20.08 for mutants, P = 0.031; both
Bonferroni post hoc test).

We also investigated helplessness-like behavior in
VAChTEn1-Cre-flox/flox mice using the FST and TST. In-
terestingly, in both tasks, elimination of VAChT from
PPT/LDT increased the time VAChTEn1-Cre-flox/flox

mice spent struggling (Fig. 6D–F; mean 6 SEM of the
time spent immobile during FST was 147.4 6 10.52 for
controls and 85.23 6 18.86 for mutants, t = 2.942, df =
21, P = 0.0078; mean 6 SEM of the time spent immobile
during TST was 216.36 10.48 for controls and 165.76
12.05 for mutants, t = 3.182, df = 24, P = 0.004, 2-tailed
Student’s t test).

To test if VAChTEn1-Cre-flox/flox mice are more sus-
ceptible to water-induced stress, wemeasured levels of
the stress hormone corticosterone in blood samples
taken under baseline conditions (prior to swimming)
and 20 and 60 min after swimming in the MWM ap-
paratus for 10 min. We also tested after 30 min of re-
straint stress (tube restraint test). Baseline levels of
corticosterone did not differ between control and
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VAChT-mutant mice (Fig. 7A, B; mean 6 SEM of corti-
costerone measured before the swimming session in
controls was 41.16 9.4 ng/ml and 55.76 18.7 ng/ml in
mutants, t= 0.6961, df = 10,P = 0.5022). Both swimming
and restraint stress increased corticosterone levels in
controls and VAChT mutants. Interestingly, whereas
corticosterone levels did not differ between genotypes
20min after swimming, corticosterone levels inVAChT
mutants were significantly higher when compared
with controls 60 min after swimming (Fig. 7A; mean6
SEM of corticosterone 60min after swimming in controls
was 211.4 6 14.34 ng/ml and 358.2 6 49.89 ng/ml in
mutants, t = 2.828, df = 10, P = 0.0179).

To test if the increased stress response could be
caused by an impairment of thermoregulation inwater,
we measured core temperature before and after the
swimming stress.Wedid not find anydifference in core
temperature of control and mutant mice (Fig. 7C).
Additionally, there was no body weight difference
between VAChT-mutant and control mice (Fig. 7D;

mean6 SEM of bodyweight in controlswas 33.176 2.97 g
and 37.956 1.87 g in VAChTmutants, t = 1.363, df = 10,
P = 0.2028). Overall, the data support the notion that
the impairment in the MWM can be related to increased
anxiety-like behavior and an altered stress response in
VAChTEn1-Cre-flox/flox mice.

DISCUSSION

The present study was designed to investigate the
cognitive consequences that may result from the elim-
ination of ACh signaling from PPT/LDT neurons. Al-
though we confirmed a substantial decrease of VAChT
expression in major targets of PPT/LDT cholinergic
projections, including thalamus, hypothalamus, and
midbrain nuclei, we found relatively minor changes in
cognitive function. VAChTEn1-Cre-flox/flox mice per-
formed normally in touchscreen-based tests of atten-
tion, visual associative learning, and PAL, and they

Figure 5. Spatial memory in PAL is not impaired in VAChTEn1-Cre-flox/flox mice, but they are more susceptible to mild stress during
the task. A, B) Schematic of the PAL task. A) The trial types used in the PAL task. The image correctly paired with its location is
highlighted. From top to bottom: in each trial, 1 location displays a correct image, 1 location an incorrect image, and 1 location
remains blank (B); an unfamiliar tone was played during the tone sessions (audio distraction, 1 kHz at 55 dB), and an unfamiliar
image was shown in sessions with visual distraction. C–F) Parameters recorded during the PAL task are as follows: percentage of
correct choices (C), number of correction trials (D), correct response latency (E), and reward collection latency (F). G, H)
Percentage of correct choices (G) and number of correction trials (H) during tone sessions (sessions with audio distraction,
session 4–6) and sessions with an additional unfamiliar image (sessions with visual distraction, session 11–13) separated by 4
baseline sessions (sessions 7–10). Open circles, controls (n = 11); red squares, mutants (n = 10). Fx, flox; n.s. not significant. Data
are expressed as means6 SEM. *P, 0.05, by 2-way RM ANOVA applied on baseline and tone sessions (sessions 1–6, main effect of
genotypes).
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showed minor deficits in cognitive flexibility. Spatial
learning in VAChTEn1-Cre-flox/flox mice appeared nor-
mal when tested by Barnes maze and Y-maze alterna-
tion. In contrast, these mice showed striking deficits in
both spatial and goal-directed learning when tested in
the relatively more stressful MWM task. Moreover,
their performance in the PAL test, although otherwise
normal, was affected by amild sound stressor. VAChT-
mutantmice also showed disproportionately increased
levels of corticosterone after swimming in the MWM,
and they presented altered behavior in tests of anxiety-
related behavior.

Cre-loxP genetic manipulation is a powerful ap-
proach for spatial and temporal control of gene ex-
pression (68). For conditional mutagenesis, mice with
loxP sequences flanking the gene of interest are mated
with transgenic mice expressing the enzyme Cre under
the control of a selected promoter. Deletion of the target
gene in the progeny is dependent on time and the site of
Cre expression (68). On cells expressing Cre, the floxed
gene is recombined and deleted (gene knockout),
whereas in all other cells, the gene is kept intact. The
Cre-loxP approach has been successfully used to con-
ditionally delete the VAChT from different brain re-
gions as well as from cardiomyocytes (17, 18, 20, 23, 26,
30, 31, 36, 40, 42, 44, 45). As VAChT is the only trans-
porter that loads ACh into synaptic vesicles (24–26),
altered VAChT expression and function directly in-
terfere with ACh release from nerve terminals (17,
18, 25–38). Pharmacological inhibition of VAChT de-
creases ACh release from nerve terminals, and VAChT
overexpression in immature neurons increases the
amplitude (quantal size) and frequency of miniature
excitatory currents, possibly by increasing the number
of vesicles capable of storing ACh (24). In addition,
VAChT knockout mice do not survive following birth
and show neuromuscular phenotypes similar to those
described for mice that do not synthetize ACh (26).
Furthermore, microdialysis analysis in freely moving

mice (38) and neurochemical measurements from
brain slices (18, 35) have shown that mice with de-
creased VAChT expression have decreased levels of
ACh release in the brain. Similarly, quantal analysis of
the neuromuscular junction of mice with decreased or
increased VAChT levels have shown correspondent
changes in ACh storage and release (25, 26, 33). Taken
together, these results indicate that Cre-loxP VAChT
deletion is an effective approach to interfere with ACh
transmission. In this study,we bred En1-Cremicewith
VAChT-floxed mice to generate a mouse line in which
the VAChT is deleted selectively in PPT/LDT neurons
(VAChTEn1-Cre-flox/flox) (23). We have previously
shown that En1-Cre mice express Cre in ;95% of
the cholinergic neurons from the PPT and 85% of
cholinergic neurons from the LDT, whereas the en-
zyme is practically absent from other cholinergic cells
in the brain (23). Immunoblot and immunofluores-
cence analyses confirmed that VAChT expression in
VAChTEn1-Cre-flox/flox mice was highly reduced in re-
gions where PPT/LDT cholinergic projections repre-
sent the major source of cholinergic innervation (i.e., in
the thalamus, hypothalamus, and midbrain), whereas
in regions such as cortex and hippocampus, which
receive cholinergic innervation mainly from basal
forebrain nuclei, VAChT expression was unaffected.
These results indicated that in most cholinergic neu-
rons from the PPT/LDT VAChT has been deleted,
whereas VAChT has been preserved in other brain
regions. Interestingly, even though the striatum has
been shown to receive direct cholinergic projections
from the PPT/LDT (60, 69), immunoblot analysis of
the striatum did not show changes in VAChT expres-
sion. One possible explanation for this finding is that
most of the VAChT signal present on the immunoblot
comes from striatal cholinergic interneurons. Cholin-
ergic interneurons, which represent;2% of the striatal
neuronal population, have dense and extensive axonal
arborization and express high levels of VAChT both in

Figure 6. VAChTEn1-Cre-flox/flox

mice show increased anxiety
levels and decreased depres-
sive-like behavior. A, B) Param-
eters recorded during the
elevated plus maze task are as
follows: total number of entries
into the open and closed arms
(A) and total time spent in the
open and closed arms (B)
during free exploration of the
apparatus by controls (white
columns, n = 14) and mutants
(black columns, n = 15). C)
Light/dark place preference
test. Total time spent in the
light and dark compartment by
controls (n = 15) and mutants
(n = 12). D–F) Depressive-like
behavior measured by the FST (D, E) and the TST (F). Total time spent immobile during minutes 2–6 of the FST by controls (n =
12) and mutants (n = 11) (D). Distance traveled during minutes 2–6 of the same task (E). Total time spent immobile in the TST
by controls (n = 14) and mutants (n = 12) (F). Fx, flox. Data are expressed as means 6 SEM. *P , 0.05, **P , 0.01, by Bonferroni
post hoc test (C) or by Student’s t test (D–F).
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the cell body and nerve terminals. Conversely, PPT/
LDT cholinergic projections to the striatum are sparse
(60, 69); therefore, it is possible that VAChT signaling
from them is below immunoblot sensitivity. Fur-
thermore, it has been recently suggested that PPT
projections to the striatum might be noncholinergic
(70).

PPT/LDT have been implicated in attentional per-
formance (5–7). Rats with nonspecific PPT lesions
showed attentional deficits in the 5CSRTT (5) aswell as
in tests of sustained attention (6, 71). However, it has
been suggested that the sustained attention deficit
observed after nonspecific PPT lesions in rats may
not be caused by impaired attention but rather by
other more general behavioral alterations (71). Inter-
estingly, rats that received PPT microinfusions of the
diphtheria–urotensin II neurotoxin (for selective lesion
of cholinergic neurons) showed only minor attentional
deficits in the 5CSRTT, represented by a tendency to
show a decreased number of correct answers that failed
significance (7). These later results suggest that cholin-
ergic projection from PPT/LDT might not be essen-
tial for attentional modulation. Our observation that
VAChTEn1-Cre-flox/flox mice did not show any atten-
tional deficits on the 5CSRTT further support this hy-
pothesis. This contrasts with clear deficits in attention
observed in multiple rodent models using either toxins
for ablation of basal forebrain cholinergic neurons (72)
or using similar genetic models with VAChT forebrain
genetic deletion (35).

A role for PPT/LDT in spatial learning has been sug-
gested because PPT excitotoxic lesions in rats caused im-
pairment in thewater andradialmaze (63, 65, 66) aswell as
in the T-maze (64). Interestingly, whether spatial learning
is the actual cognitive process affected after PPT lesion
has been controversial, and alternative explanations,
such as increased anxiety (73), motivational deficits
(66), task difficulty (63, 64), or damage to structures

adjacent to the PPT (74), have been suggested as alter-
native explanations for the spatial learning deficits.
Our observations that VAChT mutants are highly im-
paired on spatial and goal-directed learning when
tested in the MWM (tasks with high stress level) and
that their corticosterone levels are significantly ele-
vated after swimming [whereas they show no deficits
in the Barnes maze and alternating Y-maze (tasks with
low stress level)] give support to the notion that cho-
linergic neurons from the PPT/LDT are not important
for spatial learning and instead are important for stress
modulation. The fact that even an unaffected, pre-
viously learned performance in the PAL test can be af-
fected by amild sound stressor in VAChTEn1-Cre-flox/flox

mice further adds to the notion that PPT/LDT cholin-
ergic neurons are involved in stress modulation. No-
tably, results from the Barnes maze, Y-maze, and PAL
task indicate that VAChTEn1-Cre-flox/flox mice do not
present anymarked visual deficit, as their performance
in those tasks is similar to that of control mice. There is
evidence supporting a role for PPT/LDT in the mod-
ulation of emotional processes such as anxiety and
stress (73, 75, 76). Lesions of the PPT blocked acquisi-
tion of a delayed nonmatching to position T-maze task,
and the blockade was reversed by pretest injections of
diazepam, an anxiolytic benzodiazepine (73). Di-
azepam was also shown to facilitate acquisition of the
task in the PPT-lesioned rats while blocking learning in
the controls (73). Electrolytic lesions of the caudal half
of PPT resulted in an increase in anxiety, asmeasured in
a number of behavioral tests, including the elevated
plus maze (75). Furthermore, the anxiolytic effect pro-
duced by electrolytic PPT lesions on the elevated plus
maze was shown to be similar to that produced by an
anxiogenic drug (a benzodiazepine partial reverse ag-
onist) (76).

Cholinergic signaling is known to be important
for modulation of stress (77–80) and anxiety-related

Figure 7. Corticosterone levels are
increased in VAChTEn1-Cre-flox/flox

mice compared with controls
60 min after swimming in
MWM apparatus. A, B) Cortico-
sterone levels in controls (white
columns, n = 5–6) and mutants
(black columns, n = 6) before
and after 10 min of swimming
in MWM apparatus (samples
taken 20 and 60 min after
swimming) (A) or 30 min of
restraint stress (samples taken
immediately after restraint com-
pletion) (B). C) Core tempera-
ture measured before and after
the swimming session (immedi-
ately after swimming and 20 and
60 min after swimming). D)
Weight of control and mutant
mice subjected to the swim-
ming session. Fx, flox. Data are
expressed as means 6 SEM.
*P , 0.05, by Bonferroni post
hoc test.
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responses (81, 82). Stress markedly increases choliner-
gic activity in the PPT/LDT (83, 84), suggesting that
PPT/LDT cholinergic neurons might modulate the in-
dividual stress vulnerability threshold. Importantly,
the cholinergic hypothalamic input is implicated in
the control of the stress response by modulating
hypothalamic-pituitary-adrenal (HPA) axis function
(85, 86). Although the exact projections from the PPT/
LDT that regulate the stress responses we observed in
the present work have not been defined, it is possible
that cholinergic hypothalamic projections may play an
important role in this response. These cholinergic
projections from the PPT/LDT represent the major
source of cholinergic signaling in the hypothalamus
(87, 88), but we cannot exclude the possibility that
VAChT is also deleted from a small population of in-
trinsic cholinergic neurons that are also present in the
hypothalamus (89).

Our results demonstrating that corticosterone levels
increase significantly more in VAChT mutants than in
controls after swimming further support a role for
PPT/LDT cholinergic neurons in stress regulation.
Stress-induced activation of theHPA axis is negatively
regulated by a feedback inhibition. Specifically, the
rise of glucocorticoids in the brain activates gluco-
corticoid receptor in areas such as the hypothalamus,
pituitary, hippocampus, and prefrontal cortex and
inhibits the activity of the HPA axis (90). In our study,
MWM training sessions involved 4 swimming trials of
90 s maximum with 15 min intervals (i.e., 4 swimming
exposures in 1 h). Similarly, our swim stress involved
10 min of swim in the MWM, and corticosterone levels
weremeasured 20 and 60min after the end of the swim
session. Although corticosterone levels of VAChT
mutants and littermate controls were not significantly
different after 20 min of water exposure, the difference
was clear at 60 min. Thus, VAChT mutants had higher
corticosterone levels during the 1-h training session
and possibly a longer lasting rise posttraining than
control mice. Augmented and enduring corticosterone
elevation has been shown to impair synaptic plasticity
in the hippocampus and hippocampal-dependent learn-
ing and memory (91). Our hypothesis is that loss of cho-
linergic signaling from the PPT/LDT decreased the
sensitivity of target areas (e.g., hypothalamus) to the
negative feedback regulation of glucocorticoids. In line
with this idea, cholinergic signaling from the basal fore-
brain has been implicated in the HPA axis negative
feedback regulation. Microinjection of a muscarinic
antagonist into the hippocampus augmented the HPA
axis response to restraint stress in rats (92). Further-
more, immunotoxic lesions of basal forebrain cholin-
ergic neurons enhanced the HPA axis response to stress
as well as decreased glucocorticoid receptor mRNA
expression in the prefrontal cortex and hippocampus
(93, 94). Interestingly, restraint stress increased corti-
costerone levels equally in VAChTmutants and control
mice when measured immediately after 30 min re-
straint, suggesting that cholinergic influence on be-
havioral responses depends on the type of stress and
anxiety experience.

We found that VAChT-mutant mice showed in-
creased anxiety-like behavior in the light/dark pref-
erence test but not in the elevated plusmaze.Moreover,
PPT/LDT VAChT mutants presented decreased
depressive-like behavior in 2 tests of antidepressant
activity. These observations illustrate the complexity of
interpreting the results obtained with some of the
conventional types of testing in mice. The increased
activity in the FST and TST may show less depressive-
like behavior, or it may suggest that VAChT-mutant
mice have a decreased ability to make adaptive re-
sponses and hence stop struggling in a stressful situa-
tion (95).

It is also important to note that PPT/LDT cholin-
ergic neurons critically influence activity of midbrain
dopaminergic neurons (96–99), known to be involved
in the modulation of stress responsiveness (100) and
motivation (101). Thus, because HPLC measurements
of striatal content of dopamine and its metabolites
suggest that dopamine release from midbrain dopa-
minergic neurons might be decreased in VAChT-
mutant mice, it is tempting to speculate that altered
dopamine release contributes to the modified stress
response in VAChTmutants. Indeed, release of striatal
dopamine can be controlled by PPT/LDT cholinergic
projections to the VTA and SN (102), as cholinergic
signaling in the VTA/SN controls activity of dopa-
mine neurons (2).

Also, it is possible that increased latency to re-
spond observed in the PVD-Rmay reflect a decrease in
motivation. Further studies using more sensitive
methods to investigate dopamine release, such as
microdialysis in freely moving mice (39), in vivo vol-
tammetry (17), or in vivo dopaminergic fluorescence
sensors (103, 104), as well as behavioral tasks
interrogating motivation would be necessary to de-
termine the influence of dopamine in these VAChT-
mutant mice.

One alternative explanation for the inability to
learn in both spatial and cued MWM is that a motor
deficit may affect swimming of VAChT-mutant mice.
However, our data that VAChT mutants swim longer
distances than littermate controls suggest that this
explanation is unlikely. Additionally, we previously
did a thorough investigation on motor functions in
VAChTEn1-Cre-flox/flox mice and found only a minor
deficit that could not explain their marked impairment
in theMWM (23). Consistent with findings that the role
of the pedunculopontine nucleus in motor control is
less important than previously thought (2, 23, 105),
deep brain stimulation (DBS) of pedunculopontine
nucleus (human equivalent of PPT) in patients with Par-
kinson’s disease to improve motor deficits was disap-
pointing (106, 107). Our present data indicate that
cholinergic PPT neurons in mice may have little influence
ondifferent cognitiveaspects, includingworkingmemory.
Interestingly, the parkinsonian patients that received
pedunculopontine nucleus–DBS implants were also
tested for working memory, and no change in work-
ing memory was observed upon pedunculopontine
nucleus–DBS (107).
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In summary, the deletion of VAChT in PPT/LDT
cholinergic neurons in VAChTEn1-Cre-flox/flox mice
does not lead to major changes in cognitive function.
Instead, we reveal that loss of PPT/LDT cholinergic
signaling seems to decrease resilience to stress and
increase anxiety, which can manifest as cognitive
performance impairments in some aversive tasks. The
present data also caution for the use of stressful tests
such as the MWM. Whenever possible, nonaversive
tests should be used because it is clear that stress
during testing can be a major confounder for the as-
sessment of cognitive function.
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