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Abstract
Although the effects of haloperidol (HAL) have been extensively examined in experimental animals at the
cellular and brain regional levels, the effects of prolonged HAL treatment on functional connectivity in the
brain have not yet been addressed. Here we used expression of the immediate early gene zif 268 as a marker
of neural activity to examine changes in brain regional interactivity after 12 wk of HAL treatment in rats.
zif 268 expression was measured by in situ hybridization in 83 brain regions of HAL- and vehicle (VEH)-treated
controls and correlations among all brain regions were computed separately for the two treatment groups. The
strongest correlations in each group were used for network construction. It was found that VEH and HAL
networks were equally segregated and integrated, and that both networks display small world organization.
Compared to the VEH network, the HAL network showed enhanced interactivity between the dorsolateral
striatum and thalamus, and between different subdivisions of the thalamus. It will be of interest to determine
the extent to which the observed changes in functional connectivity may be related to dyskinesias, to changes
in motivated behaviours and/or to the therapeutic effects of chronic HAL. By identifying the connectivity features
of a chronic HAL network in the absence of other manipulations, the current ﬁndings may provide a reference
signature pattern to be targeted in future efforts to discriminate between the neural bases of different behavioural
outcomes arising from chronic HAL treatment.
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Introduction
Long-term treatment with ﬁrst generation antipsychotic
drugs such as haloperidol (HAL) is associated with morphological and synaptic changes in the brain (Benes et al.,
1985a, b), which are thought to be involved in both the
therapeutic effects of HAL as well as its persistent adverse
motor effects (Konradi and Heckers, 2001; Teo et al.,
2012). It has been generally hypothesized that neuroplastic changes induced by classical antipsychotic drugs
may promote functional and anatomical reorganization
of neural connections (Eastwood et al., 1997, 2000;
Harrison, 1999; Konradi and Heckers, 2001).
More recently a number of brain-wide imaging studies
have also addressed morphological and functional
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changes induced by chronic HAL and other antipsychotic
drugs in human subjects (Ebdrup et al., 2013; Roder et al.,
2013). Valuable as they are, human imaging studies face
the difﬁculty of separating medication effects from effects
associated with the disease condition itself. This difﬁculty
is avoided in experimental animals, where chronic HAL
treatment has been found to induce morphological and
structural changes (Benes et al., 1985a, b; Roberts et al.,
1995; Kelley et al., 1997; Chakos et al., 1998; Roberts
and Lapidus, 2003; Vernon et al., 2011, 2012) as well as
alterations in brain-wide markers of functional activity
such as 2-deoxyglucose uptake (Pizzolato et al., 1985a, b),
c-Fos (Sun et al., 1998) or zif 268 expression levels
(Creed et al., 2012).
One common feature of brain mapping studies addressing the effects of chronic HAL has been a focus on
localized regional changes, with much less consideration
given to potential changes in interrelations among brain
regions. Yet, it is commonly recognized that changes in
localized brain activity may affect activity in other areas
in a number of direct and indirect ways. In recent years
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analytical techniques have been developed to interrogate
the functional relationships between a large number of
brain regions. For example, Gass et al. (2013) recently described HAL-induced functional connectivity changes
using BOLD fMRI in rats. In that study, however, network analyses were conducted after an acute HAL
exposure in anesthetized rats (Gass et al., 2013). In the
present study we used interactivity analysis (Wheeler
et al., 2013) to ascertain whether long-term HAL treatment leads to functional connectivity changes in rat
brain using zif 268 mRNA expression as a functional mapping tool. zif 268 is an immediate early gene that is sensitive to intracellular calcium levels and alterations in
neuronal ﬁring and is commonly used as an indicator of
local brain activity (Farivar et al., 2004). The zif 268 signal
is readily quantiﬁed in in situ hybridization autoradiograms at the brain regional level, allowing for measurements of dozens of brain regions and subregions.
Experimental procedures
Subjects and HAL treatment
Male Sprague–Dawley rats initially weighing 200–250 g
(Charles River, Canada) were used for all experiments.
All procedures were approved by the Animal Care Committee at the Centre for Addiction and Mental Health and
complied with Canadian Council on Animal Care
(CCAC) and NIH standards and guidelines.
After 1 wk acclimation to the housing facility, rats were
randomly assigned to receive either haloperidol decanoate (HAL; 21 mg/kg i.m. N = 6) or sesame oil vehicle
(VEH; N = 6) once every 3 wk for 12 wk (a total of four
injections). The decanoate formulation is known to result
in constant plasma HAL levels in the 1.1–1.5 mg/kg range
(Turrone et al., 2002). Our intent was to use a HAL dosing
regimen that would be relevant both for the beneﬁcial
therapeutic effects of the drug and for its long-term
deleterious motor side effects. In rats the chosen HAL
dose provides clear effects in various models of antipsychotic activity as well as models of tardive dyskinetic
effects.
In situ hybridization and densitometric analyses
Hybridization was performed using 35S-UTP labelled riboprobes complementary to zif 268 according to Genbank #
NM_012551, (bases 660–679), 5′- tcacctatactggccgcttc-3′
and (bases 1062–1043) 5′- aggtctccctgttgttgtgg-3′ and consensus promoter sequences for either SP6 RNA polymerase. Using the NCBI BLAST Tool, the sequences were
checked for homology with the rat genome and found
to be speciﬁc for their respective transcripts. Probes
were diluted to a concentration of 200000 cpm/μl in hybridization solution containing: 50% formamide, 35%
Denhardt’s solution, 10% dextran sulphate, 0.1 × SSC, salmon sperm DNA (300 μg/ml), yeast tRNA (100 μg/ml),
and DTT (40 μM). Slides were incubated in plastic mailers

overnight at 60 °C. After hybridization, sections were
rinsed in 4 × SSC at 60 °C, treated in RNase A (20 μg/ml)
solution at 45 °C for 40 min, washed with agitation in
decreasing concentrations of SSC containing 5 g/l sodium
thiosulfate, dipped in water, dehydrated in 70% ethanol,
and air-dried. The slides were exposed to Kodak
BioMax ﬁlm for 6 d at 4 °C along with calibrated radioactivity standards. Probe speciﬁcity was conﬁrmed by
testing labelled sense and scrambled probes, both of
which produced no measurable signal on ﬁlm.
Densitometric analyses were performed with MCID 7.0
software (InterFocus, Linton, UK). Prior to sampling,
illumination level was adjusted for every ﬁlm to ensure
consistent background readings across all ﬁlms. Standard
curves obtained from calibrated radioactivity standards
were used to convert raw optical density values to radioactivity levels in microcuries per gram of tissue (μCi/g).
These values were determined in 83 distinct regions of
the rat brain (Table 1). Regions were deﬁned according
to the atlas of Paxinos and Watson (Paxinos and Watson,
1986) with no a priori selection of regions of interest. Thus
the only criterion for inclusion of brain regions was clear
deﬁnition on ﬁlm. Densitometric readings were performed in 36 stions per brain by an operator who was
blind to group treatment. Measurements were ﬁrst averaged across all sampling windows for each section
and then across all sections to produce a ﬁnal density
value for each region for each brain. Representative pictomicrographs illustrating regional zif 268 expression in
VEH and HAL brains are shown in Fig. 1.

Interactivity analysis
Correlation matrices
Using the zif 268 signal as a dependent variable, all possible pairwise correlations between the 83 brain regions
were computed using Pearson correlation coefﬁcients in
HAL and VEH groups separately, totalling 3403 correlations for each group. Each complete set of correlations
was displayed as colour-coded correlation matrices
using Matlab software (Mathworks Inc., USA). Correlation matrices for HAL and VEH groups were then
compared, with all individual correlations initially
included (Fig. 2a, b). Signiﬁcant differences in individual
correlations were then determined using permutation
testing. This involved randomly shufﬂing subject group
labels to produce a large number of random groupings
from the two original sets of data. Following each permutation the test statistic (correlation coefﬁcient) was recalculated; a sampling distribution was generated and the
probability of the number of observed events being
greater than the number expected by chance was computed. In addition, the false discovery rate (Benjamini
and Rochberg, 1995; Genovese et al., 2002) was controlled
at the 5% level, given the number of multiple comparisons. The entire procedure was repeated using
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Table 1. Brain region abbreviations
Bregmaa

Region #

Abbreviation

Brain region

Thalamus
Thal PVA
Thal PT
Thal PC
Thal AV
Thal AD
Thal AM
Thal Re
Thal Rh
Thal CM
Thal VL
Thal VM
Thal MD
Thal VP
Thal LDDM
Thal LDVL
Thal Po
LHb
LHb-E
MHB

Paraventricular thalamic n.
Parataenial thalamic n.
Paracentral thalamic n
Anteroventral thalamic n.
Anterodorsal thalamic n.
Anteromedial thalamic n.
Reuniens thalamic n.
Rhomboid thalamic n.
Centromedian thalamic n.
Ventrolateral thalamic n.
Ventromedial thalamic n.
Mediodorsal thalamic n.
Ventroposterior thalamic n.
Laterodorsal n.,dorsomedial
Laterodorsal n., ventrolateral
Posterior thalamic n.
Lateral habenular n.
Lateral habenula, external
Medial habenular n.

−3.30
−2.10
−3.30
−2.10
−2.10
−2.10
−3.00
−3.00
−3.30
−3.00
−3.30
−3.30
−3.80
−3.30
−3.30
−4.50
−3.60
−3.60
−3.60

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Hypothalamus
Hypo PaV
Hypo LH
Hypo AHC
Hypo Arc
Hypo VMH
Hypo DMD

Paraventricular hypothalamic n.
Lateral hypothalamic area
Anterior hypothalamic area, central
Hypothalamic arcuate n.
Ventromedial hypothalamic n.
Diffuse dorsomedial hypothalamic n.

−1.80
−3.14
−2.10
−3.60
−3.60
−3.60

20
21
22
23
24
25

Midbrain
MRN
VTA
PPTg
DRN

Median raphe n.
Ventral tegmental area
Pedunculopontine tegmental n.
Dorsal raphe n.

−8.00
−6.50
−8.00
−8.00

26
27
28
29

Basal ganglia
Post CPu
Ant CPu
DL CPu
DM CPu
VL CPu
VM CPu
GPe
EPN
SNr
SNc
STN

Posterior caudate putamen
Anterior caudate putamen
Dorsolateral caudate putamen
Dorsomedial caudate putamen
Ventrolateral caudate putamen
Ventromedial caudate putamen
External globus pallidus
Entopeduncular n.
Substantia nigra pars reticulata
Substantia nigra pars compacta
Subthalamic n.

−2.10
1.70
−0.26
−0.26
−0.26
−0.26
−1.30
−3.00
−5.80
−5.80
−4.20

30
31
32
33
34
35
36
37
38
39
40

Cortex
Post Pir
Ant Pir
Cing Crtx
mPFC
Ent Cortex
PRh Cortex
Tell cortex
Oc Cortex
MOs
MOp
Post MOs

Posterior piriform cortex
Anterior piriform cortex
Cingulate cortex
Medial prefrontal cortex
Entorhinal cortex
Perirhinal cortex
Temporal cortex
Occipital cortex
Supplementary motor cortex
Primary motor cortex
Posterior supplementary motor cortex

0.00
2.20
0.70
2.20
−5.80
−3.30
−7.80
−4.50
0.70
0.70
−1.40

41
42
43
44
45
46
47
48
49
50
51
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Table 1. (Cont.)
Abbreviation

Bregmaa

Brain region

Region #

Posterior primary motor cortex
Frontal cortex, area 2
Frontal cortex, area 1
Frontal cortex, area 3
Parietal cortex

−1.40
1.20
1.20
1.20
−4.50

52
53
54
55
56

Cerebral nuclei
Clstrm
AntOlfNuc M
AntOlfNuc V
AntOlfNuc P
IslCaj
NAc Core
NAc Shell
Acb
VP
MS
LS D
LS V
LS I
mfb
fornix
Amyg BLA
Amyg La
Amyg BLV
Amyg BLP
Amyg BM
Amyg PLCo
Amyg ACo

Claustrum
Anterior olfactory n., medial
Anterior olfactory n., ventral
Anterior olfactory n., posterior
Islands of Calleja
N. accumbens core
N. accumbens shell
Anterior n. accumbens
Ventral pallidum
Medial septum
Lateral septum, dorsal
Lateral septum, ventral
Lateral septum, intermediate
Medial forebrain bundle
Fornix
Basolateral amygdaloid n.
Lateral amygdaloid n.
Basolateral amygdaloid n., ventral
Basolateral amygdaloid n., posterior
Basomedial amygdaloid n.
Posterolat. cortical amygdaloid area
Anterior cortical amygdaloid area

0.20
3.70
3.70
2.70
2.20
0.70
0.70
3.20
−0.80
−0.26
−0.26
−0.26
−0.26
−1.30
−3.00
−2.80
−2.80
−2.80
−2.80
−2.80
−4.10
−2.30

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

Hippocampus
HC CA3
HC CA1
HC CA2
HC CA4
HC DG

Hippocampal CA3 ﬁeld
Hippocampal CA1 ﬁeld
Hippocampal CA2 ﬁeld
Hippocampal CA4 ﬁeld
Hippocampal dentate gyrus

−5.80
−5.80
−5.80
−5.80
−5.80

79
80
81
82
83

Post MOp
Fr2
Fr1
Fr3
Par

a

Bregma reference corresponds to average anterior–posterior level (in mm) where sections were taken and analysed. In general most
brain areas were analysed in 3–5 stions around this value.

Spearman’s rank correlation coefﬁcients, to ensure that
correlation patterns were not driven by outliers.
Network construction
Networks were constructed by considering the strongest
inter-regional correlations in each group of animals. In
selecting a threshold criterion for inclusion in the network
we examined a progressive series of increasing r values
and the corresponding series of decreasing numbers of
brain areas to be treated as nodes in the network. In an
effort to balance a stringent r threshold with a reasonable
number of network nodes to be included, the decision
was made to retain the top 4% of the r distribution in
each group. This corresponded to r> ± 0.90 in the HAL network and r> ± 0.89 in the VEH network. The nodes in the
resulting networks represent brain regions and the

correlations that survived the threshold criterion were
considered to be functional connections. Cytoscape software (Cline et al., 2007) (http://www.cytoscape.org/)
was used to visualize the resulting networks, where
node colour was set proportional to degree (number of
connections) and connection line weights reﬂect the
strength of the correlation. A graphical representation of
networks of inter-region relationships created using the
chosen 4% criterion is shown in Fig. 3.
Analysis of network properties
Descriptions and explanations of basic network concepts
are available (Dong and Horvath, 2007; Rubinov and
Sporns, 2010). Connection density, deﬁned as the number
of connections present out of all possible connections,
was calculated across a range of correlation coefﬁcient
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VEH

HAL

Fig. 1. zif 268 mRNA after chronic haloperidol (HAL) treatment. Pictomicrographs illustrating the overall [35S]-labelled zif 268
mRNA expression on ﬁlm at different coronal levels of vehicle and HAL rat brains.
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Fig. 2. Comparison of correlation matrices in vehicle (VEH)- and halop[eridol (HAL)-treated rats. Inter-region correlation matrices
for VEH- (a) and HAL- treated (b) rats. Column and row numbers correspond to brain regions indicated in Table 1. Permutation
testing was used to compare the two matrices; signiﬁcant differences are shown graphically (c), and listed in Table 2.
Representative correlation plots are also shown (d). The signiﬁcance levels for comparisons was set at p = 0.05 and were corrected
with a false discovery rate of 5%.

thresholds for each network. Networks were then characterized by levels of integration and segregation across a
range of possible connection density thresholds values
that corresponded to retaining 50% or less of the strongest

correlations. Integration in a brain network gives rise to
coordinated activation of distributed neuronal populations and brain areas (Rubinov and Sporns, 2010).
Network integration was assessed by calculating global
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(a)

(b)

VEH

Number of connections

HAL

Weight of connection (r)

Positive correlation
Negative correlation

1

12

0.89

1

Fig. 3. Network construction and comparison. Networks were constructed by retaining the top 4% of the strongest correlations for
each the haloperidol and vehicle treated groups. Nodes in the networks represent brain regions and the connections reﬂect super
threshold correlations. The number of connections is reﬂected by the colour of the node, the connection strength by line thickness,
and the direction of the relation, either positive or negative, by solid and dashed lines, respectively.

efﬁciency, deﬁned as the average inverse shortest path
length in the network (Latora and Marchiori, 2001).
Segregation in a brain network allows for specialized processing in more densely-connected clusters (Rubinov and
Sporns, 2010). Segregation was assessed by calculating
the clustering coefﬁcient, which is computed by dividing
the number of existing connections among a node’s directly connected neighbours by the number of possible
connections between them (Watts and Strogatz, 1998).
The mean clustering coefﬁcient for the network is then
computed as the average clustering coefﬁcient for all of
the active nodes in the network. For each network connection density, 100 random, null hypothesis networks
were generated with the same number of active nodes,
connections and same degree distribution. Network segregation and integration values were contrasted with
averaged values from these corresponding random, control networks. Network measures and random null hypothesis networks were generated using functions from
Olaf Sporns’ brain connectivity toolbox (https://sites.
google.com/site/bctnet/). Conﬁdence intervals of 95% for
the network measures are reported in order to determine
whether network properties differ reliably between experimental networks and random, control networks.
Means and conﬁdence intervals for the network measures
were derived by bootstrapping which involved

resampling subjects with replacement one hundred
times and recalculating the network measures.
Results
Comparison of inter-region correlation matrices
Pearson correlation matrices for all brain regions are
shown in Fig. 2a (VEH) and 2B (HAL). Signiﬁcant differences computed by permutation testing using a FDR of
5% are shown in Fig. 2c and are listed in Table 2.
Generally, relative to VEH-treated animals, HAL-treated
rats exhibited a higher degree of inter-thalamic correlation and a greater negative correlation between the
caudate-putamen and thalamus. Examples of speciﬁc correlations that were different between HAL- and VEHtreated animals are shown in Fig. 2d. Correlation matrices
generated with Spearman correlation coefﬁcients produced very similar correlation matrices as those using
Pearson correlation coefﬁcients (data not shown).
Network properties
Connection density was found to be equivalent in HALand VEH-treated networks across a range of possible r
values including the chosen threshold (Fig. 4a). To compare network properties, VEH and HAL networks were
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Table 2. Brain regions showing signiﬁcant correlations in vehicle (VEH) vs. haloperidol (HAL) treated brainsa
VEH > HAL

HAL > VEH

Region 1

Region 2

VEH r

Thal_Rh
Thal_VL
MHb
Oc_Cortex
Hypo_PaV
Thal_Rh
LHb
VTA
LHb
Thal_PC
Thal_CM

DM_CPu
DM_CPu
Mfb
Acb
SNr
MHb
Fornix
Acb
Mfb
Ant_CPu
Hypo_LH

0.96
0.95
0.95
0.81
0.46
0.75
0.89
0.92
0.84
0.13
0.99

HAL r
−0.79
−0.80
−0.78
−0.70
−0.85
−0.48
−0.28
−0.19
−0.26
−0.75
0.82

Region 1

Region 2

VEH r

Ant_CPu
MOp
Par
LS_D
Thal_VM
LS_D
Hypo_AHC
Hypo_Arc
Thal_PC
Thal_PC
Thal_PC
Thal_PVA
Hypo_Arc
Thal_PVA
Thal_AM

HC_CA2
AntOlfNuc_V
Amyg_La
LS_I
LS_D
LS_V
LS_D
LS_I
PRh_Cortex
Thal_AM
Thal_VL
Thal_PC
LS_D
Thal_VL
Thal_VL

−0.92
−0.68
−0.79
−0.17
−0.13
−0.03
0.14
0.23
0.19
0.30
0.51
0.60
0.38
0.79
0.81

HAL r
0.74
0.95
0.77
0.93
0.81
0.82
0.80
0.84
0.79
0.80
0.91
0.95
0.72
0.94
0.94

a

The left half of the table shows region pairs for which the correlation coefﬁcient r was higher in VEH- than in HAL-treated brains,
the right half shows pairs for which r was higher in HAL- than in VEH-treated brains.
(b)
0.8
0.6
0.4
0.2
0.0
0.0

0.4
0.6
0.8
0.2
Threshold (Pearson r)

1.0

(c)
1.0

1.0
Global efficiency

Connection density

1.0

Mean clustering coefficient

(a)

0.8
0.6
0.4
0.2
0.0

0.8
0.6

HAL
VEH
Random HAL
Random VEH

0.4
0.2
0.0

0.0

0.1
0.2
0.3
0.4
Connection density

0.5

0.0

0.1
0.2
0.3
0.4
Connection density

0.5

Fig. 4. Network properties across thresholds. The network connection density was dependent on the correlation threshold that was
applied to the association matrices but was equivalent between the haloperidol (HAL) and vehicle (VEH) networks (a). Mean
clustering coefﬁcient did not differ between the HAL and VEH networks, but was greater than in the random networks at a range
of connection densities (b). Global efﬁciency was equivalent between the HAL and VEH networks, and was slightly lower than, or
did not differ from, that of random networks (c). Error bars represent 95% conﬁdence intervals.

thresholded at a range of connection densities and
matched random networks were generated. HAL and
VEH networks did not differ from each other in clustering
but did show enhanced clustering in relation to the
respective random networks (Fig. 4b). Global efﬁciency
was also equivalent in the HAL and VEH networks and
was slightly lower or not different from that of random
networks (Fig. 4c).
Network comparisons
As illustrated in Fig. 3a, the network for VEH-treated rats,
the baseline network, was characterized by a high degree
of inter-correlations between brainstem nuclei including
the pedunculopontine tegmental nucleus (PPTg), substantia nigra pars compacta and pars reticulata (SNc
and SNr), dorsal raphe nucleus (DR) and basal ganglia
(entopeduncular nucleus (EPN) and globus pallidus
(GPe)). There was also a high degree of functional

connectivity between subdivisions of the caudate putamen (CPu), between midbrain nuclei (habenula and
septum), the subthalamic nucleus (STN), the amygdala
and several cortical regions.
In contrast, the HAL network (Fig. 2b) exhibited high
functional connectivity between clusters of thalamic
nuclei, and between basal ganglia nuclei and thalamus.
Generally, the basal ganglia exhibited a much higher degree of functional connectivity following HAL treatment
than in the VEH baseline network, with nearly all subdivisions of the CPu (all but the posterior subdivision)
becoming highly inter-correlated. There was also a high
degree of functional correlation among cortical areas.

Discussion
The objective of this study was to assess if functional relationships between brain areas change as a result of
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chronic HAL treatment. To this end, inter-regional correlations were used to characterize how neural activity
covaries among 83 brain regions, a measure that has been
used as an indication of functional connectivity in the
brain (Bullmore and Sporns, 2009; Rubinov and Sporns,
2010). By evaluating and comparing correlated activity between HAL and VEH conditions and by describing connectivity in the corresponding networks, we found that
chronic HAL results in a functional network that is as segregated and integrated as the network in VEH-treated
brains. We also found that that both networks display
what is known as small world organization, an efﬁcient
pattern of connections that allows for most nodes in the
network to reach all other nodes in a small number of
steps. Finally, by comparing HAL and VEH networks we
found that HAL treatment leads to altered correlated activity between the caudate-putamen and thalamus.
The caudate-putamen is the main input station of the
basal ganglia, projecting through output pathways to
the thalamus. Projections from the basal ganglia output
nuclei to the thalamus are inhibitory and GABAergic.
We observed a strong inverse correlation between activity
of the CPu and thalamus following HAL treatment,
which may be explained by increased strength of inhibitory input from the basal ganglia to the thalamus. A
second major observation was an increased degree of
inter-thalamic correlations in the HAL network. These
observations may be relevant in two separate contexts related to schizophrenia and its treatment.
Evidence from different sources has implicated thalamic pathology in schizophrenia. In general, MRI studies
have revealed smaller thalamic volumes in schizophrenia,
as well as shape deformations suggestive of changes in
thalamic regions connected to cortical areas involved in
executive function and sensory integration, leading to
the suggestion that schizophrenia might be a disease of
disrupted thalamocortical neural networks (Cronenwett
and Csernansky, 2010). However, as noted earlier, in
human imaging studies it is difﬁcult to clearly separate
medication effects from changes inherent to the pathological condition itself. In this context our ﬁndings in
this preclinical model may suggest that a signiﬁcant portion of thalamic functional changes could be attributable
to the medication itself.
Our analysis also uncovered a signiﬁcant negative
correlation between activity of the VTA and accumbens
(Acb) following HAL-treatment. The Acb receives dopaminergic innervation from the VTA (Sesack and Grace,
2010), and this desynchronization may be related to the
effects of HAL on motivation. HAL is known to impair
performance on escapable shock stress and decreases
motivation to obtain drugs of abuse (Carli and
Samanin, 1992; McFarland and Ettenberg, 1995; Rygula
et al., 2005). These effects are thought to arise from
blockade of D2 receptors in the Acb, which may also
be reﬂected by the observed decreased synchronization
between VTA activity and Acb activity.

The second important context where the present
results may be of interest relates to tardive dyskinetic syndromes arising after prolonged antipsychotic drug treatments (Jeste et al., 1998; Casey, 2004). Irregular activity
of neurons in basal ganglia has been reported in rats
and non-human primates following HAL treatment
(Napier et al., 1985; Svensson, 2000; Creed et al., 2012).
Pathological synchronization, or changes in functional
connectivity, in the basal ganglia–thalamus–motor cortex
circuit are known to be related to motor symptoms of
Parkinson’s disease and L-Dopa-induced dyskinesias
(Damier, 2009). Similarly, changes in activity of several
basal ganglia structures have been linked to motor symptoms in TD and it has been proposed that pathological
changes in neuronal synchronization may be related to
the development of motor symptoms in TD as well
(Elkashef et al., 1994; Szymanski et al., 1996). If the
observed altered connectivity between CPu and thalamus
indeed reﬂects inhibitory input from the basal ganglia,
this would be consistent with observations that surgical
interventions that reduce activity of basal ganglia output
nuclei to the thalamus effectively reduce HAL-induced
orofacial dyskinesias (Damier et al., 2007; Thobois et al.,
2008, 2011; Creed et al., 2011). In this context it is also
of interest to note the change in connectivity of the subthalamic nucleus (STN), a key region involved in various
forms of movement disorders including HAL-induced
tardive syndromes (Creed and Nobrega, 2013). While
the STN appears as a central node in the baseline VEH
network, following HAL-treatment it was functionally
connected only with the posterior CPu.
Recently Gass et al. (2013) reported connectivity
changes using fMRI in isoﬂurane-anesthetized rats
20 min after a single HAL injection (1 mg/kg s.c.), where
most of the observed network changes were associated
with altered connectivity of the substantia nigra and,
to a lesser extent, the habenula. In contrast, the present
study examined the effects of prolonged rather than
acute HAL and used a higher resolution functional
index. Despite these important differences it is interesting
that we also observed pronounced alterations in the connectivity of the substantia nigra. It would be of interest
to conﬁrm that altered thalamic connectivity observed
here is indeed a feature of chronic but not acute HAL
treatment.
Aside from functional implications, it is interesting that
chronic HAL treatment resulted in functional networks
that are as segregated and integrated as networks in vehicle treated rats, and that both networks were more segregated than matched random networks. Although, as
expected, the speciﬁc architecture of the HAL and VEH
networks were different, the global organization of network structure was the same. To our knowledge, this is
the ﬁrst study to examine alterations in functional connectivity in a model system following long-term HAL treatment. We found that a strong inverse relationship
between CPu activity and thalamic activity arises after

Network analysis of chronic haloperidol effects
chronic HAL treatment, and suggest that this may be a result of increased inhibitory output from the basal ganglia
to thalamus. It is not possible to determine the extent to
which the observed changes in functional connectivity
may be related to dyskinesias, to changes in motivated
behaviours and/or to the therapeutic effects of chronic
HAL. However, by determining changes in functional
connectivity arising from chronic HAL treatment in the
absence of other interventions, the current ﬁndings provide a signature pattern that may be targeted in future
efforts to discriminate between the neural basis of these
different behavioural outcomes.
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