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a b s t r a c t

In rats, selective depletion of the cholinergic interneurons in the ventral striatum (nucleus accumbens or
N.Acc.) results in heightened behavioural sensitivity to amphetamine and impaired sensorimotor gating
processes, suggesting a hyper-responsiveness to dopamine (DA) activity in the N.Acc. We hypothesized
that local cholinergic depletion may also trigger distal functional alterations, particularly in prefrontal
cortex (PFC). Adult male Sprague-Dawley rats were injected bilaterally in the N.Acc. with an immuno-
toxin targeting choline acetyltransferase. Two weeks later, cognitive function was assessed using the
delayed alternation paradigm in the T-maze. The rats were then implanted with voltammetric recording
electrodes in the ventromedial PFC to measure in vivo extracellular DA release in response to mild tail
pinch stress. The PFC was also examined for density of tyrosine hydroxylase (TH)-labelled varicosities. In
another cohort of control and lesioned rats, we measured post mortem tissue content of DA.

Depletion of cholinergic neurons (restricted to N.Acc.) significantly impaired delayed alternation
performance across delay intervals. While (basal) post mortem indices of PFC DA function were unaf-
fected by N.Acc. lesions, in vivo mesocortical DA activation was markedly reduced; this deficit correlated
significantly with cognitive impairments. TH-labelled varicosities however, were unaffected in cortical
layer V relative to controls. These data suggest that selective depletion of cholinergic interneurons in
N.Acc. triggers widespread functional impairments in mesocorticolimbic DA function and cognition. The
possible relevance of these findings is also discussed in relation to schizophrenia, where reduced density
of cholinergic neurons in ventral striatum has been reported.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The ventral striatum or nucleus accumbens (N.Acc.) is
a convergence zone for an abundance of limbic and prefrontal
inputs of vital importance in the execution of a variety of adaptive
behaviours (Brog et al., 1993; Goto and Grace, 2008; Groenewegen
et al., 1999; Sesack and Grace, 2010; Wright and Groenewegen,

1995). Mesolimbic dopamine (DA) neurons originating in the
ventral tegmental area (VTA) interact anatomically and functionally
with cholinergic interneurons of the N.Acc. to modulate the activ-
ities of GABAergic medium-sized spiny neurons (Di Chiara et al.,
1994), which provide outputs to motor circuits for the execution
of behaviour, and provide feedback to the DA cell body region of the
VTA (Berendse et al., 1992; Heimer et al., 1991; Usuda et al., 1998;
Zahm and Heimer, 1990).

Acetylcholine (ACh) regulates N.Acc. circuits in a manner
seemingly opposite to DA, possibly by dampening the effect of
excessive DA release (Hoebel et al., 2007), such that a delicate
balance between striatal DA and ACh activity is required for optimal
functioning (Aosaki et al., 2010; Hikida et al., 2003; McGeer and
McGeer, 1977). However, other studies suggest that cholinergic
mechanisms in the N.Acc. actually increase presynaptic DA release
(Mifsud et al., 1989; Nisell et al., 1994). Using a novel cholinergic
immunotoxin approach, we have shown that local and selective
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reduction in the number of cholinergic neurons in N.Acc. signifi-
cantly enhances the behavioural activating effects of amphetamine
(Laplante et al., 2011). The same lesions disrupted sensorimotor
gating processes (impaired prepulse inhibition of the acoustic
startle response), an effect reversed by the DA antagonist halo-
peridol. Both the amphetamine hyper-responsiveness and senso-
rimotor gating deficits are consistent with proposed roles of intra-
accumbens DA (Messier et al., 1992; Swerdlow et al., 1990).

Reduced cholinergic function in the N.Acc. may be of special
relevance for schizophrenia, as studies of post mortem schizo-
phrenic brains have suggested a loss of cholinergic neurons,
selective to the ventral striatum (Holt et al., 1999, 2005). Schizo-
phrenia is also proposed to be characterized by hypo-functional
prefrontal DAergic activity, resulting in prefrontally mediated
cognitive (working memory) deficits (Goldman-Rakic, 1994; Grace,
1991; Weinberger, 1987). As such, our purpose was to examine
whether local N.Acc. cholinergic depletion could induce similar
deficits in rats. In other words, could this local, subcortical
manipulation cause functional alterations in prefrontal cortical
circuitry.

To this end, we compared lesioned and control rats in a common
rodent test of working memory (delayed alternation in T-maze),
known to be modulated by the medial PFC (de Brabander et al.,
1991; Mogensen et al., 2008), particularly DAergic mechanisms
within the PFC (Bubser and Schmidt, 1990; Mizoguchi et al., 2009).
We then examined activation of the mesocortical DA system using
voltammetric recordings to measure the in vivo release of extra-
cellular PFC DA in response to a mildly activating stressor. We also
investigated whether the potential lesion-induced changes in PFC
DA activation and cognitive function were correlated. Additionally,
we examined the density of tyrosine hydroxylase (TH) axonal
varicosities in PFC as further evidence of possible functional
changes in cortical monoamine systems following N.Acc. cholin-
ergic depletion.

In a second experimental cohort, we performed post mortem
tissue analysis to examine the effect of N.Acc. lesions on the levels
of ACh and DA, not only within the N.Acc., but also adjacent
structures including the ventromedial PFC.

2. Materials and methods

2.1. Subjects

Adult male Sprague-Dawley rats (250e275 g) were obtained from Charles River
(St-Constant QC) and housed in pairs with food and water ad libitum in a tempera-
ture- and humidity-controlled roomwith a 12-h light/dark cycle. Experiments were
carried out in accordance with the Canadian Council on Animal Care Guidelines and
approved by our local ethics committee for animal experimentation.

2.2. Lesion of cholinergic neurons

As previously described (Laplante et al., 2011) rats were anesthetised with iso-
flurane 5% for induction and 3e4% for maintenance in an oxygen flow of 0.6 l/min
with a Labvet apparatus (Dispomed Ltd, Joliette QC) and secured into a stereotaxic
frame. A 33 gauge needle was lowered into the N.Acc. at the coordinates:
AP þ 1.6 mm; ML � 1.4 from bregma; DV e 7.5 from dura (Paxinos and Watson,
2009). A saporin-based IgG immunotoxin targeting choline acetyltransferase
(ChAT; Advanced Targeting Systems Inc, San Diego CA; cat No IT-42) was adminis-
tered bilaterally (0.5 ml per side, 0.5 mg/ml in PBS) at a flow rate of 0.1 ml/min for 5 min
(n ¼ 12 rats), allowing an additional 5 min for diffusion. Because saporin is a ribo-
some-inactivating protein that has to be internalised to exert its toxicity (Stirpe
et al., 1983), controls (n ¼ 11) received the same amount/volume of saporin
coupled to a rabbit IgG antibody (Advanced Targeting Systems Inc, cat No IT-35) with
no ability to target neurons. Rats were sutured and returned to their home cage for
a minimum of two weeks.

2.3. Delayed alternation testing of working memory

Delayed alternation testing was performed as previously described (Aultman
and Moghaddam, 2001; Lipska et al., 2002) with modifications. The dimensions of

the central arm of the T-maze, constructed with grey PVC, were 50� 12� 33 cm and
40 � 12 � 33 cm for each lateral arm, which were equipped with a sliding door.
There was a 2 cm diameter hole at the end of each lateral arm (1 cm deep to conceal
food from view). Food reward consisted of a piece of Kellogg’s Froot Loops cereal.

After three days of initial handling (5min/day), rats were habituated to themaze
for 8e10 days and were food restricted to 15 g/day throughout all phases of testing.
For the first three days of habituation, rats were exposed to the T-maze for a 15 min
exploration with the doors raised and food available in both arms. Subsequently,
animals were exposed to 10 forced-alternation trials (one arm closed) per day until
they would consistently run to the ends of the open arms for food (5e7 days).

Then delayed alternation training began. After a randomly chosen forced run
into a baited arm and a 10 s delay period in the holding cage, the animal was
placed back in the central arm with access to both arms but with bait only in the
arm opposite to that entered in the previous forced run. Upon entering a choice
arm, that door was closed. Rats received ten trials (forced run-delayed choice) per
day, with a 20 s inter-trial interval. Random arm sequences were used which
included five forced runs to each of the right (R) and left (L) arms (e.g.,
ReReLeReLeLeReLeReL). A different sequence was used each day, but
sequences were the same for all rats. The maze was cleaned with 70% alcohol
between rats.

Testing began for three additional days and was conducted similarly, but using
three different delay intervals (1e2, 10 or 40 s). On each of the three test days, rats
received 8 trials at each delay interval in random sequence (24 trials/day). Data are
expressed as percentage of correct choices. After completion of testing, rats were
again fed ad libitum.

2.4. In vivo voltammetry (chronoamperommetry)

One week following working memory testing, each rat underwent stereotaxic
implantation (anaesthesia as above) of a voltammetric recording electrode, opti-
mized for the detection of DA. Electrode construction, calibration and recording
parameters are similar to earlier studies (Laplante et al., 2004; Stevenson et al.,
2003; Zhang et al., 2005). Each electrochemical probe consisted of three 30 mm-
diameter carbon fibres (Avco Specialty Materials, Lowell, MA) extending 50e100 mm
beyond the epoxy-sealed tip of a pulled glass capillary. The fibres were coated with
a 5% solution of the ion exchange polymer Nafion (Aldrich, Milwaukee, WI),
promoting the exchange of cations like DA and repelling anions like ascorbic acid
(AA) and 3,4-dihydroxyphenylacetic acid (DOPAC). Prior to implantation, electrodes
were calibrated in 0.1 M PBS, pH 7.4, containing 250 mM AA to determine sensitivity
and selectivity for DA against AA. All electrodes used had DA/AA selectivity ratios
>1000:1 and a highly linear response (r> 0.997) to increasing concentrations of DA.
Recording electrodes were implanted in the DA-rich terminal area of the ventro-
medial PFC of the right hemisphere at the following coordinates: AP þ 3.2 mm (re.
Bregma); ML þ 0.8 and DV e 4.2 mm (dura). Rats were also implanted with a Ag/
AgCl reference electrode in the posterior cortical surface. Miniature pin connectors
soldered to the voltammetric and reference electrodes were inserted into a Carleton
connector (Ginder Scientific, Ottawa ON). This assembly was then secured with
acrylic dental cement to three stainless steel screws threaded into the cranium.

2.4.1. Stress testing
Four days after surgery, rats were placed in specially constructed voltametric

testing chambers (40 � 40 � 75 cm high) and the rats implants were connected to
a headstage attached via shielded cable to a swivel at the top of the chamber, in turn
linked to a computer-controlled chronoamperometric control box (FAST, Quanteon,
Lexington, KY). Rats were habituated to the test chamber for 60 min, which allowed
the DA-dependent signal to reach a stable baseline. A mild tail pinch stress (5 min)
was then initiated by placing a rubber-coated metal clip approximately an inch from
the tip of the tail, with sufficient pressure that the rat could not shake it off. We
chose this mild stressor to assess phasic DA activation with this technique as we
have repeatedly shown this manipulation to produce consistent and easily quanti-
fiable increases in extracellular DA levels (Sullivan and Gratton, 1998; Sullivan et al.,
2009; Stevenson et al., 2003). Recordings continued an additional 60 min after
removal of the clip to ensure that stress-induced elevations in extracellular DA
returned to baseline. The primary measure of interest was the peak or maximal
increase in DA concentration relative to pre-stress baseline. Data points for DA levels
were plotted at 5 min intervals over the session. A second identical test was con-
ducted the following day to examine potential group differences in either habitu-
ation or sensitization of stress-induced DA activation.

2.4.2. Electrochemical recordings and data format
An oxidative potential of þ0.55 mV, with respect to the reference electrode, was

applied to the electrode for 100 ms at 5 Hz. The amplitude of the resulting oxidation
current was digitized and integrated over the last 80 ms of each pulse. Every 10
digitized current measures were summed, displayed on a video monitor at 2 s
intervals, and converted to molar equivalent DA concentration based on the in vitro
calibration factor for each electrode. The reduction current generated when the
potential was set to 0.0 mV for 100 ms was similarly digitized and summed. With
these conditions, the magnitude of the reduction current in response to increases in
DA is typically 60e80% that of the oxidation current (Red/Ox ratio ¼ 0.6e0.8). In
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contrast, the oxidation of AA is nearly irreversible (Red/Ox z 0) and DOPAC almost
completely reversible (0.9e1.0), while norepinephrine (NE) and serotonin (5-
hydroxytryptophan; 5-HT) are 0.4e0.5 and 0.1e0.3, respectively (Doherty and
Gratton, 1992, 1996; Gratton et al., 1989).

As electrodes are individually calibrated in vitro with a DA standard, in vivo
increases in oxidation current are expressed as mM (or nM) DA equivalents relative to
the signal reference point at the onset of stress. This technique does not quantify an
absolute baseline value or concentration of DA (pre-stress), rather the change in
concentration as a function of stress.

It must be noted that particularly in PFC, there may be a minor contribution of
NE to the “DA-dependent” signal, although we believe this to be minimal. First, all
recordings in the study had Red/Ox ratios in the 0.55e0.75 range, characteristic of
DA. With the same technique and location in ventromedial PFC (where DA inner-
vation is quite dense), stress-induced “DA” increases are pronounced, whereas
slightly more dorsally where there is less DA, but similar amounts of NE, the stress
response is greatly diminished (Doherty and Gratton, 1996). In the same study, the
selective DA reuptake blocker GBR 12909 markedly increased the stress-induced
signal increases in the ventromedial regions. Finally, the electrodes themselves are
3e4 times more sensitive (in vitro) to the same concentration of DA as NE (personal
observations). Nonetheless, a possible contribution of NE to our recorded signal
should still be considered when we refer to the DA response.

2.5. Perfusion and immunohistochemistry

For complete details about tissue preparation, see Laplante et al. (2011). Rats
were anesthetised with urethane (1.3 g/kg i.p., 0.25 g/ml) and perfused trans-
cardially with 0.9% NaCl (100 ml), followed by 700 ml of ice-cold 4% para-
formaldehyde in 0.1 M sodium tetraborate buffer (pH 9.5). Brain coronal sections
were cut at 30 mm in four one-in-four series throughout the extent of the PFC and
N.Acc. Two series were immuno-stained for ChAT and tyrosine hydroxylase (TH) and
one series was stained with thionin to confirm electrode placements in PFC.

Brain sections were incubatedwith the primary antibody goat anti-ChAT 1:2000
or rabbit anti-TH 1:1000 (Chemicon, Temecula CA) in KPBS with 0.3% triton X-100,
2% rabbit or goat serum for 48 h at 4 �C. The primary antibodies were respectively
detected using biotinylated rabbit anti-goat and goat anti-rabbit immunoglobulins
(Vector Laboratories, Burlingame CA) 1:200 with avidineDHebiotinylated horse-
radish peroxidaseeHecomplex (Vectastain Elite ABC kit, Vector Laboratories) and
diaminobenzidine (DAB) reaction product was developed using glucose oxidase
method with nickel enhancement.

2.5.1. Quantification
The number of ChAT-positive neurons throughout the N.Acc. (15e18 sections

examined per rat) was quantified as previously detailed (Laplante et al., 2011). To
confirmwhether the cholinergic cell loss was restricted to the N.Acc., we quantified
the density of ChAT expressing neurons in two brain structures adjacent to the
injection site: the diagonal band and the dorsal striatum. Images of these regions
were acquired with a CX41 microscope (Olympus, Markham, ON) equipped with an
Infinity 2 camera (Lumenera Corporation, Ottawa ON). For the analysis, the most
anterior sections of the diagonal band have been selected because of their closest
proximity to the injection sites. Regarding the dorsal striatum, we selected sections
at the level of the injection sites. The cell counting and surface measurement were
performed with Image J software (National Institute of Health, Bethesda, MD). The
analysis was performed on the entire surface of the diagonal band, but for the dorsal
striatum the measurements were done in a 0.5 mmwide strip along the border with
the N.Acc.

2.5.2. Stereological estimation of fibre length and varicosity number
Quantification of TH-labelled varicosities was done in layer V of the ventro-

medial PFC due to its high density of DA nerve terminals and the involvement of this
cortical layer in the pathological states of schizophrenia (Black et al., 2004).
Stereological sampling and analysis were made in blind experimental conditions.
Analysis was performed throughout the infralimbic PFC (covering
APþ3.2eþ2.15mm fromBregma)which correspond to 8e10 sections evenly spaced
by 120 mm. Layer V of the infralimbic PFC of the sampled sections was anatomically
delineated at low magnification (2.5� and 10�) with reference to rat brain atlas
(Paxinos and Watson, 2009). Stereological counting of varicosities and fibers was
perform at 100�magnification (Leica HCX PL Fluotar oil-immersion objective) using
Leica DMR microscope equipped with Stereoinvestigator software (v 9.13, Micro-
brightfields VT) and a computer drive motorized stage. Optical-fractionator
systematic sampling design was used to estimate the total number of varicosities
and area volume in IL PFC (Gundersen et al.,1999; Sterio, 1984;West et al., 1991). The
hemisphere spaceball probe was used to estimate fibre length (Mouton et al., 2002).
The IL PFC was systematically sampled with an average of 100 optical dissectors
measuring (10 � 10 � 5 mm3). In all cases guard zones were applied. At least 108
varicosities were counted per animal with an average of 367 � 123. Total reference
volume was obtained by multiplying the total surface of the outlined area of the IL
PFC by the tissue thickness (30 mm) by the spacing between sections (1/4). The total
estimations of varicosity numbers was calculated by the sum of the counted vari-
cosity in the dissectors multiplied by the section sampling fraction multiplied by the

area sampling fraction multiplied by the thickness-sampling fraction (Gundersen,
1986). The precision of the sampling was assessed by the coefficient of error (CE)
of the estimation (Gundersen et al., 1999). A CE of �0.1 indicates adequate stereo-
logical sampling parameters (Mouton et al., 2002; Schmitz and Hof, 2005; West
et al., 1991) and each of the measured rats the CE was �0.1. For each case, the
total number of varicosity estimated by the optical fractionator was divided by the
total fibres length estimated by the spaceball probe.

2.6. Post mortem tissue neurotransmitter levels

A second experimental cohort received identical treatment to generate the
lesion and control rats. Animals (12 per group) were sacrificed two weeks post-
surgery by decapitation following rapid isoflurane anaesthesia and brains were
quickly removed and dissected on ice. Tissue sampling was performed as described
previously (Duchesne et al., 2009) with slight modification. Although the main
region of interest was the N.Acc. (core and shell), the neighbouring dorsal striatum
(caudate and putamen), PFC (infralimbic and prelimbic) and amygdala were also
investigated. Tissue samples for the left and right hemispheres were obtained using
a 2 mm diameter stainless steel punch and rapidly frozen at �80 �C for later
neurochemical analysis. Brain samples were thawed, weighed and sonicated in
500 ml of 0.12M perchloric acid. Homogenates were centrifuged at 13,000g for 5 min
and pellet was kept for western blot analysis whereas supernatants were filtered
through 22 mm microcentrifuge filters (Fisher Scientific) for neurotransmitter
quantification.

To determine the tissue content of ACh and choline from the filtered superna-
tant, 50 ml were injected into an ESA Coulochem III high pressure liquid chroma-
tography (HPLC) system-equipped separating column with post column enzymatic
reaction and electrochemical detection (Day et al., 2001). ACh was separated from
other molecules by an ACH-250 (ESA Inc, Chelmsford MA) column (250 � 3.2 mm).
From this column, the eluate then passed through an ACH-SPR enzyme reactor (ESA)
containing acetylcholinesterase (AChE; EC 3.1.1.7) and choline oxidase (EC 1.1.3.17).
The separated ACh and choline react with the enzymes to give stoichiometric yield
of hydrogen peroxide, which is electrochemically detected with an analytical cell,
model 5040 equipped with platinum electrode at a potential of þ300 mV. As rec-
ommended by the manufacturer, the mobile phase consist of a 100 mM aqueous
sodium phosphate buffer, pH 8.0, containing 2 mM 1-octanesulfonic acid sodium
salt and 0.005% of reagent MB (provided by ESA) and is delivered at 0.35 ml/min by
a dual piston pump (1525U; Waters, Milford MA) and is degassed online. With these
conditions, choline and ACh elutes respectively at w5.5 and w8.5 min. Sample
concentrations were calculated by comparison with known standards. ACh and
choline tissue levels are expressed as pmol/mg wet tissue weight.

To quantify the catecholamines, 10 ml from the filtered supernatant were
injected into an ESA Coulochem III high performance liquid chromatography system
with electrochemical detection (HPLC-EC). Mobile phase and HPLC parameters were
as previously described (Duchesne et al., 2009). The concentration of DA and its
major metabolite DOPAC were computed based on calibration curves with known
amounts of standards. Tissue levels were expressed as pg/mg wet tissue weight.
Levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) were also
assessed. (Levels of norepinephrine and homovanillic acid were not easily quantified
with the present protocol).

2.7. Statistical analysis

For the quantification of ChAT immunoreactive neurons and the quantification
of neurotransmitters and their metabolites, two-way repeated-measures analysis of
variance (ANOVA) was conducted for the analysis of the main effect of experimental
groups (lesion effect) and brain hemisphere as repeated-measures factor, and
interaction between these two factors. Regarding TH-labelled varicosities, signifi-
cant differences between experimental groups were determined by independent t-
tests. For the first ten days of working memory testing, a two-way (ANOVA) was
conducted with “lesion” as independent factor and “day” as repeated measures
factor. On each of the three subsequent test days, similar ANOVAs were conducted
with “delay interval” as the repeated measure. Voltammetry data for each day were
presented and analysed as (5 min) time samples with repeated measures. The mean
peak (maximal) DA responses were analysed with “day” as repeated measure. Post
hoc Bonferonni tests were conducted following significant interactions. In addition,
Pearson analyses were performed to examine correlations between DA responses
and working memory performance within groups.

3. Results

3.1. Cholinergic cell loss in N.Acc.

Immunohistochemistry findings demonstrated that infusion of
the anti-ChAT IgG-saporin toxin resulted in a mean reduction of
72% in the number of neurons expressing ChAT within the N.Acc.
relative to the rabbit IgG-saporin controls (Fig. 1; F(1,21) ¼ 65.32;
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p < 0.0001 for main effect of lesion). Depletion of cholinergic
neurons was present in both core and shell of the N.Acc. but was
restricted to this brain region as no significant reduction in ChAT
neurons was observed in the diagonal band (Fig. 2A) or the dorsal
striatum (Fig. 2B).

3.2. Delayed alternation performance in the T-maze

During the ten days of delayed alternation training (10 s delays),
a significant main effect of lesion was observed (F(1,189) ¼ 11.85,
p < 0.005), with anti-ChAT lesioned rats showing a consistently
lower percentage of correct choices than controls, which achieved
greater than 90% correct responding by day 3 (Fig. 3). A main effect
of day was also seen (F(9,189) ¼ 4.73, p < 0.0001) reflecting the
general improvement in performance, and there was no significant
interaction between lesion and day.

Fig. 4 shows the percent of correct choice averaged over the
three testing days for each of the tested delay intervals. Controls
outperformed lesioned rats across delays (lesion effect,
F(1,42) ¼ 6.84, p < 0.05). A main effect of delay (F(2,42) ¼ 13.18,
p < 0.0001) reflected the greater difficulty inherent with longer
delays and there was no significant lesion � delay interaction.
Lesioned animals showed substantial impairment in performance
of the delayed alternation task. We have also observed in separate
animals, that the same cholinergic lesions reduced the “4/5
percentage” in spontaneous alternation behaviour in a cross maze,
a simple index of working memory (Supplemental material A;
t(16) ¼ 2.63; p < 0.05). This further suggests a role for cholinergic
mechanisms in N.Acc. in such cognitive processes.

3.3. In vivo voltammetry

Three rats (2 controls, 1 lesion) were excluded from this analysis
for defective or misplaced electrodes. Stress-induced increases in
extracellular DA in PFC are shown in Fig. 5. On the first stress test
(Fig. 5B), anti-ChAT lesioned rats showed significantly smaller
increases in cortical DA release than controls (F(1,216) ¼ 4.93,

p < 0.05). There were also significant effects of time
(F(12,216) ¼ 20.95, p < 0.0001) and lesion � time interaction
(F(12,216) ¼ 2.92, p < 0.001). The group difference was especially
pronounced at 5 min (around the time of the peak response).

A similar pattern was seen on the second stress test (Fig. 5C),
although the main effect of lesion just missed significance.
Significant effects of time (F(12,216) ¼ 15.97, p < 0.0001) and
lesion � time interaction (F(12,216) ¼ 1.89, p < 0.05) were again
observed, with the greatest group difference seen at the 10 min
point. On both days, mean DA elevations were greater in controls
than lesions from the first time point at 5 min after stress onset
until 45 min.

Fig. 5D shows the mean peaks DA responses, which typically
occur for individual rats between 5 and 15 min from stress onset
(actual data is collected every 2 s). A main effect of lesion was
again seen (F(1,18) ¼ 6.75, p < 0.05) with no effect for days or
lesion � day interaction. Thus, anti-ChAT lesioned rats showed
consistently lower levels of DAergic activation relative to controls,
and neither group sensitized nor habituated to the stressor on
second exposure.

3.4. Correlations with cognitive performance

As a measure of presumed working memory in the delayed
alternation task, we averaged the performance on all trials with
40 s delays of the last 3 days of testing as this represents the
greatest challenge to working memory. We then averaged the peak
DA responses on both stress exposures. These variables were
significantly correlated as shown in Fig. 6, within the lesioned
group (r(11)¼ 0.629, p< 0.05), but not controls. This means that rats
with the greatest deficits in mesocortical DA activation also showed
the greatest impairments in cognitive function.

3.5. PFC tyrosine hydroxylase (TH) labelling

Three rats were rejected (2 controls 1 lesion) due to missing
sections. Layer V of infralimbic cortex was prominently

Fig. 1. A) ChAT-expressing cells counted bilaterally throughout the extent of the N.Acc. Data represent mean � SEM, (n ¼ 11e12 in each group). Post-hoc analysis revealed
significant differences between control and lesioned groups in both hemispheres (*p < 0.001). B) Representative sections of ChAT-immunostained tissues of N.Acc. from rabbit IgG-
saporin-treated control rats and C) anti-ChAT IgG-saporin-treated rats. Scale ¼ 200 mm ac: anterior commissure.

F. Laplante et al. / Neuropharmacology 63 (2012) 1075e10841078



Author's personal copy

innervated by TH fibres (see Supplemental material B, Fig. B.1).
These fibres were diffusedly distributed and constantly bore
varicosities which appeared as ellipsoid swellings with darker
staining compared to fibre segments devoid of varicosities. The

density of TH varicosities was similar between the control
(210 � 25 per mm fibre) and lesioned (219 � 26 per mm fibre)
rats. TH immunoreactive fibre segment length is similar in
lesioned rats (0.0133 � 0.0011 mm/mm3) compared to controls
(0.0122 � 0.0008 mm/mm3).

Fig. 4. Average of the percent of correct choice during testing sessions for three
consecutive days for each of the three delay periods. Data represent means � SEM
(n ¼ 11e12). Lesioned rats were particularly impaired across delays. See text for
statistical details.

Fig. 2. Density of ChAT immunolabelled cells in the left and right sides of the A) diagonal band and B) dorsal striatum. Data represent mean � SEM, (n ¼ 11e12 in each group). No
significant differences were found between control and lesioned groups in either of these adjacent brain regions, confirming the selectivity of lesions in the N.Acc. Representative
sections of ChAT-immunostained tissues of the diagonal band of a control (C) and lesioned rat (E) and dorsal striatum control (D) and lesion (F). Scale ¼ 1 mm.

Fig. 3. Performance in the T-maze for delayed-alternation training over ten consecu-
tive days. Each rat was given 10 trials a day with an inter-trial delay of 10 s. Data are
expressed as percent of correct choices and represent means � SEM (n ¼ 11e12). Anti-
ChAT lesioned rats showed significant impairments across the training period. See text
for statistical details.
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3.6. Quantification of neurotransmitters in brain tissue

In our second cohort of animals, the micro-injection of the
anti-ChAT IgG-saporin toxin into the N.Acc. resulted in an average
33.6% reduction in the tissue level of ACh in this area relative to
controls (Fig. 7A F(1,22) ¼ 19.17, p < 0.001 for the main effect of
lesion). On the other hand, the level of ACh was not affected in the
ventromedial PFC, nor in the adjacent dorsal striatum (Fig. 7B,C).
Thus the effects of the neurotoxic injection into accumbens only
affected ACh levels locally, without affecting adjacent structures,
confirming again the localization of lesion effects on cholinergic
function. The tissue levels of choline are reported in Supplemental
material B, Table B.I.

In the N.Acc., although there is an apparent decrease in the
levels of both DA and DOPAC in lesioned animals (see Table 1),
these trends did not reach statistical significance. In the dorsal
striatum, the DOPAC/DA ratio was found to be lower in lesion rats
compared to controls (F(1,22) ¼ 5.56, p < 0.05 for the main effect of
lesion). This appears to be the combined result of slightly lower
DOPAC levels and slightly higher DA levels in the lesioned group,
although individually non-significant. In the PFC, no DAergic
measures of basal tissue content were significantly altered as
a function of N.Acc. cholinergic lesions. The 5-HT and 5-HIAA
levels are reported in Supplemental material B, Table B.II. The
neurotransmitter levels in the amygdala are in Supplemental
material B, Table B.III. Therefore, in terms of basal tissue
measures of DAergic systems, cholinergic depletion in N.Acc.
appears to have somewhat greater effects on subcortical regions
than on the mesocortical DA system.

4. Discussion

Similar to our previous report (Laplante et al., 2011), the infusion
of anti-ChAT saporin immunotoxin produced substantial depletion
of cholinergic neurons (72%) within the N.Acc., but not in adjacent
structures (diagonal band and dorsal striatum). The extent of local
cell loss was greater than in our initial study (44%), possibly due to
variability in toxin efficacy or the slightly longer time between
injection and sacrifice in the present study (7e8 weeks compared
to 5e6 weeks). The same lesion procedure also significantly
decreased the tissue content of acetylcholine in N.Acc. measured by
HPLC, with no reductions in dorsal striatum or ventromedial PFC.
Thus, two complementary approaches confirm the localization of
the cholinergic lesions.

Cholinergic depletion was associated with cognitive impair-
ments and physiological alterations in PFC. The importance of
central cholinergic systems on cognition is well documented,
especially in relation to hippocampus or PFC (Durkin, 1994; Givens
and Olton, 1990; Granon et al., 1995; Hironaka et al., 2001). The
striatum also modulates working memory function, as ablation of
cholinergic interneurons in striatum in mice using a transgenic/
immunotoxic approach results in impaired spatial delayed alter-
nation performance in the T-maze (Kitabatake et al., 2003). The
N.Acc. has previously been implicated in memory processes as well
(Gal et al., 1997; Jongen-Relo et al., 2003; Setlow, 1997). Our results
suggest that cholinergic mechanisms in the N.Acc. may be specifi-
cally involved in delayed alternation tasks. The fact that similar
cholinergic lesions impair spontaneous alternation behaviour in
the cross maze task further supports a role for intra-accumbens
cholinergic system in cognitive processes.

Fig. 5. A) Histological representation of a coronal section of a rat brain stained with
thionin demonstrating the location of the voltammetric recording electrode in the
ventromedial prefrontal cortex (scale ¼ 2 mm; the notch in the right lateral side is an
intentional mark to identify the right hemisphere). All acceptable placements were
located within the deep layers (4e6) of infralimbic or ventral prelimbic cortex.
Extracellular DA release in the PFC of rats in response to 5 min tail pinch stress (black
bar) on two consecutive days (B and C). Data are expressed as changes in electro-
chemical signal (nM DA equivalent) relative to pre-stress baseline (time 0). Anti-ChAT
lesioned rats showed significant impairments in the ability to mount a mesocortical DA

response to mild stress. See text for statistical details (*p < 0.05; **p < 0.01). D) Mean
peak stress-induced increases in extracellular DA release. Data represent means � SEM
(n ¼ 9e11).
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However, given the lack of clear delay dependency in the lesion-
induced cognitive deficits we report, it is likely that this impair-
ment reflects more general deficits than simply working memory
(ie. attentional, motor or other learning processes). For example, it
is known that lesions of the N.Acc. core region increase impulsivity
in tasks involving temporal choice (Basar et al., 2010). It is possible
that reduced cholinergic input in this region could lead to similar
alterations in such processes, which may be involved in the deficits
we observed even at short delay intervals, in addition to altered
working memory per se. The spontaneous motor activity of these
animals is unaffected however (Laplante et al., 2011) and unlikely to
contribute to performance deficits.

N.Acc. (cholinergic) modulation of cognitive function may result
from interference with cortical outputs in the execution of behav-
iour, or by altering cortical function per se, via feedback modulation
of VTA activity. The latter is suggested by the lesion-induced deficit
in mesocortical DA activation in response to salient stimuli like
mild stress.

Electrophysiological studies in monkeys (Schultz et al., 1993)
have shown that the DA neurons of the VTA (more so than sub-
stantia nigra) respond phasically to salient reward and conditioned
cues in a manner essential for learning delayed responding tasks.
Tasks like that presently employed involving delayed responding,
rely on the functional integrity of the PFC (Aultman and
Moghaddam, 2001; Sanchez-Santed et al., 1997). Prefrontal DA is
a key regulator of these cognitive functions in rats and monkeys
(Brozoski et al., 1979; Granon et al., 2000; Seamans et al., 1998;
Williams and Goldman-Rakic, 1995), and best cognitive perfor-
mance requires an optimal window of cortical DA activity (D1-
mediated), either too much or too little DA impairing working
memory (Chudasama and Robbins, 2004; Goldman-Rakic et al.,
2000; Zahrt et al., 1997). This relationship is further supported by
the positive correlation we observed between delayed alternation
performance and PFC DA activation in response to stress in lesioned
rats. It is tempting to speculate that the cognitive impairments we
describe are directly attributable to a lesion-induced deficit in
mesocortical DA activation, although the correlation does not prove
a causal relationship between the two. While both are induced by
N.Acc. cholinergic lesions, the performance deficits per se may still
bemediated inwhole or in part at the ventral striatal level. That this
correlation was not significant in controls may indicate that the
latter were already performing at close to optimal levels. Controls
may represent the top of the “inverted U curve” and lesioned

animals the left side of the performance curve, while conditions
inducing excessive cortical DA activation would fall to the right.

Regarding the voltammetric measures of DA activation in PFC,
we cannot be certain that the absolute baseline (tonic) levels of
extracellular DA were the same in lesions and controls. However,
our post mortem data showed that tissue levels of DA and DOPAC in
PFC (and DOPAC/DA ratio) were unchanged, similar to observations
following dorsal striatal cholinergic cell depletion (Kaneko et al.,
2000). Thus, we feel that the present lesions may be less likely to
affect tonic mesocortical DA activity, but to significantly dampen
phasic activation.

The unaffected tissue levels of DA and DOPAC are consistent
with the similar density of TH varicosities per axon length
observed in PFC, as it has been suggested that the density of
varicosities in an axonal segment is related to the level of
neuronal activity (Zhang et al., 2010, 2011). The lower phasic

Fig. 6. Delayed alternation performance and mesocortical DA activation in anti-ChAT
lesioned rats. Percent correct choices (based on 40 s delays) were significantly corre-
lated with the degree of DAergic activation, measured separately in response to mild
stress (p ¼ 0.038). This suggests that cognitive impairments in rats with N.Acc.
cholinergic depletion may be dependent on deficits in mesocortical DA function.

Fig. 7. Quantification of ACh in brain tissue sample from A) nucleus accumbens B)
dorsal striatum and C) prefrontal cortex. There was a significant reduction in ACh level
in the N.Acc. in rats injected with the ChAT immunotoxin. Data represent mean � SEM,
(n ¼ 12 in each group). *p < 0.05; **p < 0.01 relative to control hemisphere.
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stress-induced activation of DA release in the PFC may not be due
to structural changes in cortical DA innervations, but rather
a reduced capacity to stimulate the firing of DA neurons. Further
mechanistic studies will confirm the nature of this effect on VTA
function.

Regarding the results from the TH immunohistochemistry, it
must be emphasized that TH is the rate-limiting enzyme for the
synthesis of both dopamine and norepinephrine and can be local-
ized on both types of cathecholaminergic terminals. However, in
the PFC, only about 10% of the profiles expressing norepinephrine
transporters display immunoreactivity for TH (Miner et al., 2003).
In addition, an earlier immunohistochemical study suggested that
in norepinephrine neurons, TH staining was detectable only on cell
bodies with limited reaction in the axons (Pickel et al., 1975). This
suggests that the TH immunolabelling of the nerve terminals in the
PFC that we examined was not largely dependent on a noradren-
ergic contribution. Nonetheless, the possibility that our cholinergic
manipulation in N.Acc. may have had differential effects on cortical
DA vs. NE innervation cannot be discounted.

Deficient mesocortical DA function may itself induce or exac-
erbate a hyper-responsivity to mesolimbic DA stimulation. In this
view, several studies have demonstrated that direct depletion of
PFC DA leads to heightened responsiveness of N.Acc. in response to
pharmacological challenge or stress (Deutch, 1992; Mitchell and
Gratton, 1992; Pycock et al., 1980). However, the notion that stria-
tal or N.Acc. manipulations can lead to functional alterations in PFC
has received less attention (Simpson et al., 2010). Some data have
suggested changes in PFC functions and innervation patterns with
the latter direction of modulation (Deniau et al., 1994; Kitabatake
et al., 2003; Middleton and Strick, 2002). Of particular interest, it
has been shown that transient over-expression of D2 receptors
restricted to striatum of mice, induced impairments in working
memory and behavioural flexibility, and reduced cortical DA turn-
over (Kellendonk et al., 2006). Such findings are consistent with
recent proposals that striatal dysfunction may be of primary
importance to the cognitive deficits of schizophrenia (Simpson
et al., 2010) and also consistent with existing theories of schizo-
phrenia, where a hypofunctional cortical DA state is suggested to
exist with hyper-responsive subcortical (striatal) DA function
(Davis et al., 1991; Grace, 1991; Weinberger, 1987). A means by
which the latter could causally lead to the former involves modu-
lation of striatal outputs to the mesocortical DA cell bodies of the
VTA and one proposed mechanism of dampening this system (in
addition to striatal D2 overactivity) was the diminished activity of
cholinergic striatal interneurons (Simpson et al., 2010).

We presently confirm that local N.Acc. cholinergic depletion
leads to impaired mesocortical DA activation in freely behaving
rats, quite possibly via feedback from the N.Acc. to the VTA. If such
a cholinergic deficit also leads to a similar reduction in activity in
the mesolimbic DA projection back to the N.Acc., one might expect
a compensatory upregulation of postsynaptic DA receptors
(prominently D2-like) in the N.Acc. Such a scenario would explain
the behavioural hyper-responsiveness to amphetamine we have
previously shown as a consequence of these lesions (Laplante et al.,
2011). This would also be consistent with the lesion-induced defi-
cits in sensorimotor gating and their reversal by the D2 antagonist
haloperidol (Laplante et al., 2011). Taken together, these findings
suggest that reduction in N.Acc. cholinergic function not only
induces local effects but is capable of inducing widespread func-
tional changes in cortical/subcortical networks.

The present cholinergic lesions in the N.Acc. may be particularly
relevant to the neuropathology of schizophrenia. While cholinergic
cell densities in schizophrenic brains have been reportedly unaf-
fected in the nucleus basalis of Meynert (el Mallakh et al., 1991) and
the pedunculopontine nucleus (German et al., 1999), Holt et al.
(1999, 2005) reported lower densities of ChAT immuno-labelled
neurons and ChAT mRNA expressing cells in striatum, which was
most significant in the ventral region.While these studies could not
address the possible role of medication or smoking histories in
these findings, it is noteworthy that a schizophrenic known to be
untreated for at least twenty years had the lowest cholinergic cell
density of all patients. While more clinical work is needed to
elucidate the nature and extent of cholinergic deficits in schizo-
phrenia, the present findings lend impetus to a re-examination of
the ventral striatal system in this context. In contrast, while Alz-
heimer’s disease is also characterized by loss of intra-accumbens
cholinergic interneurons (Boissiere et al., 1997; Lehericy et al.,
1989; Selden et al., 1994) and working memory impairments
(Kensinger et al., 2003), the damage to forebrain cholinergic
systems is far more extensive and nonspecific (Davies andMaloney,
1976; Lehericy et al., 1993; Whitehouse et al., 1982).

5. Conclusion

In summary, selective depletion of cholinergic interneurons in
N.Acc. leads to impairments in delayed alternation performance
and reduced activation of the mesocortical DA projection to the
PFC. The present data add to previous findings that the same
manipulation in N.Acc. induced a behavioural hypersensitivity to
psychostimulants and impaired sensorimotor gating (reversed by
antipsychotics). Given the relevance of the above processes to
schizophrenia (Lipska and Weinberger, 2000), we propose that the
loss of cholinergic neurons in ventral striatum may be of greater
causal significance for schizophrenic symptomatology, including
the cognitive symptoms, than is commonly appreciated. Future
studies will further investigate the mechanistic consequences of
this neuropathological defect.
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Table 1
Dopamine levels in the three tested brain regions.

Control a-ChAT lesion

Left Right Left Right

Nuc. accumbens
DA 8485 � 710 8808 � 563 7479 � 429 7558 � 544
DOPAC 2091 � 154 2290 � 181 1859 � 119 2052 � 148
DOPAC/DA

ratio
0.263 � 0.026 0.275 � 0.032 0.257 � 0.023 0.299 � 0.042

Dorsal striatum
DA 13,857 � 739 13,447 � 843 14,016 � 723 14,047 � 1136
DOPAC 1928 � 135 1841 � 156 1651 � 162 1653 � 114
DOPAC/DA

ratio
0.139 � 0.007 0.136 � 0.006 0.117 � 0.008 0.120 � 0.006L

Prefrontal cortex
DA 144.4 � 9.8 138.2 � 15.2 157.3 � 23.7 136.0 � 9.3
DOPAC 39.3 � 3.0 29.9 � 4.4 33.7 � 6.1 28.5 � 2.7
DOPAC/DA

ratio
0.278 � 0.019 0.231 � 0.036 0.254 � 0.054 0.217 � 0.020

Values are in pg/mg tissue. Data represent mean � SEM. (n ¼ 12 per group).
L: main effect of lesion (p < 0.05).
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