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Dopamine Depletion of the Prefrontal Cortex Induces
Dendritic Spine Loss: Reversal by Atypical Antipsychotic

Drug Treatment
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INTRODUCTION

A generation ago, in a provocatively titled paper, Crick
(1982) posed the question ‘Do spines twitch?’. Over the
ensuing years it has become clear that dendritic spines
indeed twitch, and are not static processes but instead
dynamic processes that are highly regulated both in health
and disease (Fiala et al, 2002; Blanpied and Ehlers, 2004;
Zaja-Milatovic et al, 2005; Hao et al, 2006). Among the
disorders marked by dystrophic changes of dendrites is
schizophrenia, in which the pyramidal cells of the prefrontal
cortex (PFC) are prominently affected.

The search for a structural basis of schizophrenia has
been ongoing for a century, but only over the past decade
has the application of quantitative anatomical methods to
postmortem material and in vivo imaging data consistently
yielded evidence of structural brain changes (Harrison,
1999; Selemon and Goldman-Rakic, 1999; Lewis and
Lieberman, 2000; Antonova et al, 2004). Although morpho-
logical changes are present in several brain regions,
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Dystrophic changes in dendrites of cortical neurons are present in several neuro-psychiatric disorders, including schizophrenia. The
mechanisms that account for dendritic changes in the prefrontal cortex (PFC) in schizophrenia are unclear. Cognitive deficits in
schizophrenia have been linked to compromised cortical dopamine function, and the density of the PFC dopamine innervation is
decreased in schizophrenia. We determined if 6-hydroxydopamine lesions of the ventral tegmental area that disrupt the PFC dopamine
innervation cause dystrophic changes in cortical neurons. Three weeks post-operatively we observed a marked decrease in basal
dendritic length and spine density of layer V pyramidal cells in the prelimbic cortex; no change was seen in neurons of the motor cortex.
We then examined rats in which the PFC dopamine innervation was lesioned and 3 weeks later were started on chronic treatment with
an atypical (olanzapine) or typical (haloperidol) antipsychotic drug. Olanzapine but not haloperidol reversed lesion-induced changes in
PFC pyramidal cell dendrites. These data suggest that dopamine regulates dendritic structure in PFC neurons. Moreover, the findings are
consistent with a decrease in cortical dopaminergic tone contributing to the pathological changes in the cortex of schizophrenia, and
suggest that the progressive cortical loss in schizophrenia may be slowed or reversed by treatment with atypical antipsychotic drugs.
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particular attention has focused on the PFC, dysfunction
of which is associated with certain cognitive deficits in
schizophrenia (Park and Holzman, 1992; Goldman-Rakic,
1996; Meltzer et al, 1999; Gur et al, 2000; Antonova et al,
2004). Recent studies have reported cortical volume
decreases in schizophrenia, including in first-episode
patients (Gur et al, 2000; Cahn et al, 2002; Lieberman
et al, 2005a). However, most postmortem studies have not
found a significant decrease in the overall number of
neurons (Selemon et al, 1999; Thune et al, 2001), although
oligodendrocyte number appears to change (Hof et al,
2003). A normal complement of neurons in the face of a
decrease in volume suggests a reduction in neuropil
(Selemon and Goldman-Rakic, 1999), which may reflect a
decreased density of presynaptic elements or dendrites;
alternatively, soma size may be reduced. To varying degrees
all three of these factors probably contribute to cortical
volume loss in schizophrenia (Harrison, 1999; Selemon and
Goldman-Rakic, 1999; Glantz and Lewis, 2000; Mirnics et al,
2001; Halim et al, 2003; Pierri et al, 2003).

Several groups have reported dystrophic changes in
frontal cortical pyramidal cell (PC) dendrites in schizo-
phrenia, including decreases in dendritic length, branching,
and spine density (Garey et al, 1998; Glantz and Lewis, 2000;
Kalus et al, 2000; Broadbelt et al, 2002; Black et al, 2004;
Kolluri et al, 2005). These dendritic changes have been
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observed in several frontal cortical regions (Brodmann’s
areas 10, 11, 32, and 46) but not in the primary visual
cortex (Glantz and Lewis, 2000). The mechanisms that
account for these dendritic changes are poorly understood
(Hill et al, 2006).

Prefrontal cortical pyramidal cells that receive dopamine
afferents often display a synaptic architecture that involves
the dopamine axon synapsing onto the neck of a dendritic
spine and an axon of unknown origin forming an
asymmetric synapse with the head of that spine (Sesack
et al, 2003). A similar triadic arrangement is seen in
medium spiny neurons of the striatum (Freund et al, 1984),
where dopamine depletion decreases dendritic length and
spine density of the medium spiny neurons (Ingham et al,
1989; Zaja-Milatovic et al, 2005). In vivo imaging and
behavioral studies strongly suggest that PFC dopamine
function is compromised in schizophrenia (Goldman-Rakic
and Selemon, 1997; Arnsten, 2004; Gibbs and D’Esposito,
2005) and Akil et al (1999) have provided morphological
evidence of a decreased density of the dopaminergic
innervation of the PFC.

The question of whether the pathological changes in the
cortex in schizophrenia are fixed or can be altered by
appropriate treatment is unresolved. Atypical antipsychotic
drugs (APDs) have been suggested to be superior to typical
APDs in treating cognitive deficits in schizophrenia
(Meltzer et al, 1999; Bilder et al, 2002; Volavka et al, 2002;
Keefe et al, 2004), although recent data question that
conclusion (Lieberman et al, 2005a). In addition, a study
of first-episode schizophrenic patients treated with the
atypical APD olanzapine, but not with the typical APD
haloperidol, found that the atypical APD prevented
progressive cortical volume loss over the ensuing 2 years
and resulted in significant improvement in cognitive
function (Lieberman et al, 2005b).

These observations suggest that the loss of cortical
dopamine, which is thought to be associated with cognitive
deficits (Davis et al, 1991; Knable and Weinberger, 1997;
Meltzer et al, 1999; Goldman-Rakic et al, 2004), may
contribute to dystrophic changes in PC dendrites. We
therefore determined if dopamine depletion of the PFC
leads to dendritic spine loss on frontal cortical PC dendrites,
and then assessed if treatment with typical or atypical APDs
attenuates any effects of cortical dopamine depletion on
pyramidal cell dendrites.

MATERIALS AND METHODS

Adult male Sprague-Dawley rats (Harlan; Indianapolis, IN,
USA) were group-housed with food and water ad libitum.
All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals as
promulgated by the National Institutes of Health.

Experimental Design and Treatments

Animals received bilateral 6-hydroxydopamine (6-OHDA)
lesions of the ventral tegmental area (VTA), as described
previously (Deutch et al, 1990); vehicle-injected animals
served as controls. We injected the catecholamine neuro-
toxin into the VTA rather than directly into the PFC because
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of the likelihood that intracortical injections would cause
non-specific effects on the structure of local neurons. Three
weeks after the VTA lesions, animals were perfused with 4%
paraformaldehyde and 0.05% glutaraldehyde, and the PFC
was processed using a modified Golgi-Cox method in which
the development step was shortened; sections through the
midbrain were immunohistochemically processed to reveal
tyrosine hydroxylase-immunoreactive (-ir) dopamine neu-
rons in the midbrain. Because of the time and labor
involved in reconstructing neurons, and because the
aldehyde perfusion precluded obtaining biochemical mea-
sures of the extent of dopamine depletion in the same
animals in which Golgi impregnation was performed, the
midbrain sections from each animal were screened for the
extent of the VTA lesion by a person unaware of the
treatment condition of the animals. In those cases in which
the lesion was subjectively assessed to involve less than
<50% of the dopamine neurons, the animal was excluded
from subsequent analyses. Final group sizes after eliminat-
ing the animals with incomplete lesions were six sham-
lesioned rats and seven VTA-lesioned rats.

To arrive at some idea of the extent of dopamine
depletion in the PFC, separate groups of animals from
those used for the anatomical studies were given 6-OHDA
VTA lesions and 3 weeks later killed. The PFC was dissected
(Deutch et al, 1985) and concentrations of dopamine and
norepinephrine in these samples were assayed by HPLC-EC
(Deutch and Cameron, 1992). Data were analyzed by t-tests
with experiment-wise « set at 0.025 to account for
comparing dopamine and norepinephrine concentrations.

In a second experiment aimed at determining if APD
treatment modifies the effects of dopamine denervation on
PC morphology, animals received VTA or sham lesions.
Three weeks after the lesions were made rats were randomly
assigned to receive haloperidol (target dose 2.0 mg/kg/day,
p.o.), olanzapine (target dose 7.5mg/kg/day), or vehicle
(water to which 0.75% sucrose was added). The achieved
average daily dose of the APDs was 1.84 mg/kg/day
haloperidol and 6.59 mg/kg/day olanzapine. Administration
of haloperidol and olanzapine in the drinking water at these
dose levels result in stable plasma drug levels and brain
occupancy of D, dopamine receptors comparable to that
seen in patients treated with these drugs (Terry et al, 2005;
Perez-Costas et al, 2005). Animals were maintained on the
APDs for 3 more weeks, killed, and the frontal cortex
processed for Golgi impregnation. Thus, in the second
experiment there were six groups of animals: sham-lesioned
rats that received vehicle, haloperidol, or olanzapine, and
6-OHDA-lesioned rats treated with vehicle, haloperidol, or
olanzapine. Final group sizes ranged from 5 to 8, varying
due to loss of animals in various treatment groups because
of incomplete lesions or death.

Neuronal Reconstruction and Data Analysis

The medial PFC of the rat consists of several cytoarchi-
tectonically distinct areas that have different projections.
Because the prelimbic cortex of the rat receives convergent
inputs from the mediodorsal thalamus, basolateral amyg-
dala, and ventral tegmental area and thus resembles the
dorsolateral PFC of primates, and because behavioral
studies suggest that the prelimbic cortex subserves working
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memory tasks (Ragozzino et al, 2002; Dalley et al, 2004), we
analyzed pyramidal cells in the prelimbic cortex (area 32;
see Krettek and Price, 1977). We focused our efforts on layer
V neurons because the dopamine innervation of the rat is
most dense in layer V and drops off relatively sharply at
layer III (van Eden et al, 1987).

Golgi-impregnated PCs in the prelimbic cortex were
reconstructed from 150-um-thick sections by persons
unaware of the treatment condition of the animals. At least
five pyramidal neurons from each animal were chosen for
reconstruction based on the following characteristic: (1) the
cells were in layer V of the prelimbic cortex in the medial
PFC; (2) the neurons had a pyramidal morphology that
grossly appeared to be well-filled and evenly impregnated
under x 10 objective examination; (3) at least three basilar
dendritic shafts emanated from the soma; (4) soma and
dendrites were not obscured by other structures. The image
of the PFC was acquired by a digital camera coupled to a
computer running the cell reconstruction software Neuro-
lucida (MicroBrightField Inc., Williston, VT). A line was
drawn from the pial surface to the white matter at a point
midway between the dorsal and ventral borders of the
prelimbic cortex. This line was followed from the pial
surface until a Golgi-impregnated layer V pyramidal cell
(range: 614+ 21 to 1063 +20 um from the pial surface) was
encountered and that appeared under a x 10 objective to be
completely impregnated. After marking the position of this
initial neuron in the PFC, the cell was reconstructed, and
then adjacent impregnated neurons both dorsal and ventral
to the first (index) neuron were reconstructed, under x 126
objective magnification (using a high NA x 63 objective,
the magnification of which was doubled digitally using the
image capture program). The average depth of the
reconstructed neurons from the pial surface was
808 +37um. Dendrites were traced and any sudden
truncations due to transection or artefact were noted .
Pyramidal cell volume was estimated using the contour
tracing function of the Neurolucida program, sequentially
determining the area of the pyramidal cell at 5um steps
from the largest diameter of the soma and then merging the
data. A total of 148 neurons was reconstructed in the
prelimbic and motor cortex in experiment 1, and 202
neurons were reconstructed and analyzed in experiment 2.

In the first experiment examining the effects of VTA
lesions on PFC pyramidal cell dendrites, we also determined
if the dendrites of layer V PCs in the primary M1 motor
cortex were impacted by the lesions. We elected to analyze
the motor cortex because it is located in the same coronal
sections as the PFC, but does not receive a dopamine
innervation (Van Eden et al, 1987). Thus, the motor cortex
serves as an excellent control site in which to test the
hypothesis that the PFC dopamine innervation is necessary
for pyramidal cell dendritic spine maintenance.

After neurons were reconstructed and the average values
for the dendritic parameters were calculated, the code for
the slides was broken and group differences in soma area,
total basal dendritic length, total basal dendritic spine
density, spine density as a function of distance from the
soma, and concentric (20pum) ring intersections by
dendrites (Sholl analysis) were determined. The apical
dendrites of layer V PCs were usually transected as they
coursed to the superficial layers, and we were therefore not
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able to obtain full data on the apical dendritic tree.
However, we were able to reliably reconstruct the proximal
portion of the apical dendrites of layer V PCs, and therefore
measured apical dendritic spine density at a distance of
80-100 um from the soma.

In the first experiment, t-tests were used to assess
significant changes in basal and apical dendrite spine
density, dendritic length, and soma size, with the o level set
at 0.01 to control for multiple comparisons. Data from the
second experiment, which examined the effects of APD
treatment of VT A-lesioned rats, were analyzed by means of
two-way ANOVAs, followed by Bonferroni t-tests when
indicated. In all cases the mean of the various dendritic
parameters of the neurons in a given animal were used in
the statistical analyses, that is, the statistical analysis was
performed on the data of subjects. A power analysis was
performed using the data from the first experiment. To
achieve 83% power at a Type I error rate of 0.05, we found
that 5 cells/animal were required to detect changes in total
basal dendritic length; 5 cells/animal yielded 97% power for
dendritic spine density.

RESULTS

Lesion-Induced Changes in PFC Catecholamine
Concentrations

6-hydroxydopamine VTA lesions resulted in marked loss of
dopamine neurons in the VTA, with some sparing of the
midline dopamine neurons in the interfascicular and rostral
and caudal linear nuclei (see Figure 1); variable loss of
substantia nigra and retrorubral dopamine neurons was
also seen. Biochemical measurements revealed that dopa-
mine concentrations in the PFC decreased to 23% of control
values (t;0=28.70, p<0.001); control levels of dopamine
were 0.9140.19 ng/mg protein.

Norepinephrine concentrations did not differ significantly
between control and VTA-lesioned rats (t;o=1.98, NS).

VTA Lesions and PC Dendritic Morphology

In the first experiment on the effects of cortical dopamine
denervation on PC morphology, we found that 6-OHDA
lesions sharply decreased overall basal dendritic length and
spine density of layer V PCs (see Table 1). Apical dendritic
spine density did not change significantly, although a trend
toward a decrease (p=0.055) was seen. Average soma

Figure | 6-Hydroxydopamine lesions of the VTA resulted in a marked
loss of tyrosine hydroxylase-immunoreactive neurons (right panel) relative
to the vehicle-injected control (left panel). There was some sparing of
midline DA neurons. The cannula tracts can be seen bilaterally (arrows).
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Table | Effects of VTA 6-OHDA Lesions on Dendritic Parameters in the Prefrontal and Motor Cortex

Prefrontal cortex Motor cortex

Sham Lesion Sham Lesion
Total basal dendritic length (um) [141.1 £46.1 7352457.4% 1542.6+ 1365 1297.5+59.8
Overall basal dendritic spine density (spines/ |0 pm dendritic length) 32740.28 1.9440.06* 3.734+0.06 351+0.18
Apical dendritic spine density (spines/|0 pm dendritic length) 2784045 1.7240.25 3.89+0.56 381+032
*p<0,00].
Table 2 Volume of Layer V Pyramidal Neurons in Sham- and 1500
VTA-Lesioned Rats Treated with APDs T
2 1250 ~
Sham Lesion £
2 1000 -
Vehicle 5094.1 45119 (5) 5183948249 (5) 9
Haloperidol 4549243705 (5) 4296.1 +2635 (8) o 750 -
Olanzapine 4786342953 (6) 4466742499 (7) %
S 500 -
Values represent volume of pyramidal cells in pm>, o
5 250
volume of the neurons did not differ between the control 0 -
and 6-OHDA-lesioned groups. In sharp contrast to the
effects of VTA lesions on PFC pyramidal cells, we did not
observe any effects of the lesion on the basal or apical 45 - . ]
dendrites of layer V PCs in the M1 motor cortex. ' B NS % )
E
Effects of APD Treatment on Pyramidal Cell Dendrites é &8 —
In the second experiment we determined if treatment with E
APDs modified dopamine depletion-induced changes in PC 5. &P
dendrites. Again, VTA lesions caused dendritic changes in 2
PFC pyramidal cells. In addition, treatment with olanzapine, £ 15
but not haloperidol, reversed these dendritic changes. There e
were no significant differences in the volume of layer V a
somata across the different groups (see Table 2). 0.5
Analysis of variance uncovered a significant effect of PFC
dopamine depletion on basal dendritic length (Fs3,=4.37, v H o \ H (o)

p=0.004). Post hoc Bonferroni tests revealed that the total
length of basal dendrites from VTA-lesioned vehicle-treated
rats was significantly decreased relative to sham-operated
vehicle-treated controls (see Figures 2, 3 and 6), consistent
with the data from the first experiment. Neither haloperidol
nor olanzapine treatment of sham-operated rats changed
basal dendritic length. However, administration of olanza-
pine but not haloperidol to VTA-lesioned rats reversed
the decrease in dendritic length to levels that did not
significantly differ from either sham-lesioned vehicle-
treated or sham-lesioned olanzapine-treated rats (Figure 2).
The coefficients of variation across the six groups did not
significantly differ (Fs ;o =1.643, NS), suggesting that there
was no systematic bias across groups other than treatment
conditions. Rats with cortical dopamine denervation that
received vehicle also showed a decrease in overall basal
dendritic spine density relative to sham-operated, vehicle-
treated animals (Fs30=19.3, p<0.0001), again confirming
the results of the initial experiment. Treatment with
olanzapine but not haloperidol reversed the dendritic spine
loss seen in the animals with cortical dopamine depletion

Sham

Figure 2  Effects of chronic treatment with haloperidol (H) or olanzapine
(O) on total basal dendritic length (top panel) and dendritic spine density
(bottom panel) in rats with cortical DA denervation. 6-OHDA lesioned
rats that were treated with vehicle (V) had a marked decrease in basal
dendritic length and spine density relative to sham-lesioned vehicle-injected
animals. Olanzapine but not haloperidol restored basal dendritic length and
spine density to levels comparable to those in sham-lesioned vehicle-
treated animals. *p<<0.001 relative to sham-lesioned vehicle-treated group;
NS, not significant.

Lesion

(see Figures 2 and 3). A two-way repeated measures
ANOVA examining spine density as a function of distance
from the soma (see Figure 4) revealed significant treatment
(F5,178 = 31.0, p <0.0001) and distance (F5,178 = 154.3,
p<0.0001) effects, but no interaction. While the magnitude
of lesion-induced decreases in spine density appeared
subjectively to be more prominent on the distal dendritic
tree (see Figure 4), no statistically significant effect was
uncovered. Subsequent analyses found that lesion-induced
decrease in spine density were reversed by olanzapine but

Neuropsychopharmacology
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Figure 3 Photomicrographs of representative basal (left) and the main shaft of apical (right) dendritic segments in the various treatment groups of the
second experiment. The images were obtained from dendritic segments located 60—100 pm distal to the soma. Scale bar= 10 pm.

. —m— SV
—e—SH
E 5 - —&— SO
- & LV
= . @ LH
5 4
@ ~fy LO
a3 -
7]
(%]
s 24
S
2
& 17 :
=
0 T = T T T T T T T 1
) ] AN D D D D x) )
& .-,5&} h“g: é}g: I G O

& & & » &

Distance from Soma ( um)

Figure 4 Dendritic spine density as a function of distance from the soma.
Spine density in lesioned rats treated with vehicle (LV) was decreased
relative to sham-lesioned vehicle-treated (SV) animals starting at 60 pm
distal to the soma. Olanzapine administered to lesioned rats (LO) reversed
spine density to values comparable to those seen in sham-lesioned vehicle-
injected (SV) and sham-lesioned olanzapine-treated (SO) rats, while
haloperidol treatment of lesioned rats (LH) had no such effect. “p<0.0I
and #pS0.0S relative to sham-lesioned vehicle-treated rats at the same
distance on the dendritic arbor from the soma.

not haloperidol (Figures 2, 3 and 6). Neither APD had any
effect on dendritic parameters in sham-lesioned rats.

The Sholl analysis, in which the number of intersections
made by dendrites at progressively more distal circles
surrounding the soma is calculated, revealed significant
treatment (Fs;,;,=15.7, p<0.0001) and distance
(Fs,177=110.2, p<0.0001) effects on dendritic intersections,
with no significant interaction (see Figures 5 and 6). As was
seen with other dendritic parameters, olanzapine reversed
the decrease in dendritic intersections induced by cortical
dopamine depletion . Finally, the VTA lesions resulted in a
significant decrease in spine density on apical dendritic
segments located 80-100 um distal to the soma (Fs 59 = 5.88,
p<0.001), with olanzapine but not haloperidol reversing the
lesion-induced decrease. Neither olanzapine or haloperidol
treatment of sham-lesioned animals caused any significant
change in apical spine density.
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Figure 5 Sholl analysis of dendritic intersections at progressive 20 um
distances from the soma. Animals with 6-OHDA lesions of the VTA
treated with vehicle (LV) showed fewer intersections than sham-lesioned
vehicle-treated animals (SV) at 40, 60 and 80pum distal to the soma.
Olanzapine treatment of lesioned rats (LO) reversed the decrease in
dendritic branching. Lesioned animals treated with haloperidol (LH) also
tended to show fewer intersections relative to SV and SH animals, but
these effects did not reach statistical significance. ~p <0.05.

DISCUSSION
Dendritic Reorganization of PFC Pyramidal Cells

There has been a surge of interest in uncovering the
mechanisms that govern dendritic structure in vivo, with a
particular emphasis on cortical neurons. Recent reports
indicate that both acute and chronic stress cause dystrophic
changes in the dendrites of PFC pyramidal cells, including
decreases in apical dendritic length and branching of layer
II/III PCs, but no changes in the structure of the basal
dendritic tree (Seib and Wellman, 2003; Radley et al,
2004, 2005; Brown et al, 2005; Izquierdo et al, 2006;
Murmu et al, 2006). Consistent with the stress-induced
decrease in apical dendritic length and branching, chronic
corticosterone treatment decreases apical dendritic length
(Cerqueira et al, 2006).

Pharmacological interventions have also been shown to
cause changes in PFC neuronal structure. Chronic phency-
clidine treatment results in a decreased number of synapses
on spines in superficial layer neurons of the primate PFC
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Figure 6 Reconstructions of representative superficial layer V pyramidal cells in sham-lesioned vehicle-treated (SV) animals and 6-OHDA-lesioned rats
treated with vehicle (LV), haloperidol (LH) or olanzapine (LO). A marked decrease in the length and complexity of the basal dendritic arbor in the PC of a
vehicle-treated lesioned animal can be seen, and one can appreciate a reduction in dendritic spines. Treatment of lesioned animals with haloperidol did not
result in any substantial increase in basal dendritic length and branching, but the basal dendrites in a PC from a lesioned animal treated with olanzapine grossly

appear to be longer and more complex.

(Hajszan et al, 2006). Morphine administration, both
experimenter- and self-administered, has yielded somewhat
different data, with one group reporting a decrease in
dendritic spine density in layer V neurons of the PFC
(Robinson et al, 2002) and another group observing an
increase in spine number and dendritic length but a
decrease in branching complexity of layer II/III PCs
(Ballesteros-Yanez et al, 2007). It is not clear if differences
across the two studies reflect a focus on superficial vs deep
layer PCs, or if the different strains of rats used are
important. Increases in both layer III and V PFC pyramidal
cell apical dendritic length and spine density are seen
in response to chronic psychostimulant administration
(Robinson and Kolb, 1997, 1999).

Differences in the afferents innervating and regulating the
apical and basal dendrites suggest that various treatments
may differentially or coordinately affect the apical and basal
dendrites. We found that VTA lesions that disrupt the
dopamine innervation of the PFC caused decreases in spine
density and dendritic length of the basal dendrites of layer
V PCs. We focused on layer V but not II/III PCs because the
dopamine innervation of the rat PFC is most dense in the
deep cortical layers but very sparse in layers II/IIT (Kalsbeek
et al, 1988).

Dopamine-dependent Remodeling of Dendritic
Morphology

The lesion-induced changes in dendrites that we observed
were very similar in rats killed 3 weeks (experiment 1) and 6
weeks (experiment 2) after the lesions. The various
dendritic parameters in the control animals in the two
experiments were quite similar, and the magnitude of the
lesion-induced changes in dendritic parameters in the two
experiments were comparable. The only difference was that
we observed a significant effect on apical spine density in
VTA-lesioned vehicle-treated rats in the second experiment,
but in the first experiment there was a non-significant
(p=0.055) trend toward a decrease. As noted earlier, we

were unable to reconstruct the full apical dendritic tree of
layer V cells for technical reasons, and therefore unable to
determine if the difference in spine density is present along
the entire apical dendrite and if apical dendritic length is
changed.

Dystrophic dendritic changes similar to those that we
observed in pyramidal cells have also been reported in
striatal medium spiny neurons in response to experimental
dopamine denervation and in postmortem samples from
Parkinson’s disease patients (Ingham et al, 1989; Stephens
et al, 2005; Zaja-Milatovic et al, 2005; Day et al, 2006).
A recent study (Solis et al, 2007) reported that 6-OHDA
injections of the substantia nigra resulted in a decrease in
spine density but not dendritic length in layer V PCs of what
appears to be the medial precentral (shoulder) cortex,
dorsal to the prelimbic cortex that we analyzed. A recent
study of neonatal rats that received intraventricular
injections of 6-OHDA, which caused a significant decline
in PFC dopamine but not norepinephrine concentrations,
did not observe any changes in the dendrites of layer V PCs
(Sherren and Pappas, 2005). It will be interesting to
determine if compensatory mechanisms that prevent spine
loss in the face of cortical dopamine depletion are present in
neonatal animals.

Our data that PFC dopamine deafferentation decreases
dendritic length and spine density complements earlier
studies on psychostimulants, which found that ampheta-
mine and cocaine (which increase both extracellular
dopamine and norepinephrine levels) cause an increase in
spine density (Robinson et al, 2001, 2002). We did not
observe a significant decrease in PFC norepinephrine
concentrations in VTA-lesioned rats, suggesting that the
loss of cortical dopamine is the proximate cause of the
dendritic changes. This suggestion is consistent with recent
data indicating dendritic changes in PFC PCs of D,
knockout mice (Stanwood et al, 2005).

The similar dendritic responses of PFC pyramidal cells
and striatal medium spiny neurons to dopamine denerva-
tion may reflect a common triadic synaptic organization
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that involves glutamatergic and dopaminergic axons and
the dendrites of their postsynaptic targets in both the PFC
and striatum (Freund et al, 1984; Sesack et al, 2003). This
structural arrangement suggests that the loss of dopamine
signaling results in an inability of the postsynaptic cell to
gate increased excitatory drive, culminating in dendritic
spine loss (Cepeda et al, 2001). A large body of data has
revealed that activity-dependent signaling through gluta-
mate receptors is a key determinant of spine density and
morphology (Segal and Andersen, 2000; Carlisle and
Kennedy, 2005).

It is interesting to note that dopamine denervation of the
PFC resulted in changes in dendritic spine density and
length that are greater in magnitude than those changes
seen in striatal neurons after dopamine denervation. As
note above, PFC PCs and striatal MSNs share a common
synaptic architecture involving dopamine and an excitatory
input converging onto a spine, although the frequency of
such synaptic triads is lower in the PFC (Sesack et al, 2003).
It is possible that other factors elaborated from dopamine
neurons, including neurotensin and brain-derived neuro-
trophic factor, may contribute to the somewhat larger effect
of dopamine denervation seen on PFC PC dendrites.
However, we have recently found changes in prelimbic
cortex layer V pyramidal cell dendrites in D1 receptor null
mutant mice that fully recapitulate the dystrophic changes
in PC dendrites seen after dopamine denervation, suggest-
ing that the major contributor the changes in dendrites is
the loss of dopamine signaling (Wang et al, 2005). More
likely is the fact that volume transmission appears to play a
much greater role in dopamine function in the PFC, owing
to the paucity of dopamine transporter expression on
dopamine axons innervating the PFC (Sesack et al, 1998),
which would render dopamine released under normal
conditions able to influence a greater number of dendrites.

Mechanism of Olanzapine Reversal of Dopamine
Denervation-Induced Dendritic Changes

We found that treatment with an atypical but not a typical
APD reversed dopamine denervation-induced changes in
dendrites. Atypical APDs, including olanzapine, have
broad receptor affinities (Bymaster et al, 1997; Arnt and
Skarsfeldt, 1998), while haloperidol is primarily a D,
receptor antagonist in vivo (Arnt and Skarsfeldt, 1998).
Benes et al, 1985 noted that long-term (16 week) haloperidol
treatment resulted in a loss of PFC axon terminals with
asymmetric synapses onto layer VI neurons, speculating
that this was due to resorbed spiny processes, but did not
directly measure spine density. We counted spines directly
and found that haloperidol treatment of sham-lesioned rats
for 3 weeks did not alter dendritic spine density, suggesting
that either the D, receptor is not involved in dendritic
remodeling of PFC neurons or that haloperidol treatment
must be of very long duration. As noted above, because
dystrophic changes are seen in PFC PC dendrites in D,
knockout mice (Stanwood et al, 2005; Wang et al, 2005), we
suggest that a loss of dopamine signaling through the D, but
not D, receptor may be responsible for dopamine depletion-
induced changes in PFC PC dendrites. The mechanism
through which olanzapine reverses the dendritic changes
induced by VTA lesions is not clear, but may reflect the
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ability of atypical APDs to increase PFC dopamine
release—despite the fact that the dopamine innervation of
the cortex was lesioned. Acute and chronic treatments with
atypical APDs such as olanzapine increase extracellular
levels of dopamine in the PFC, while typical APDs such as
haloperidol do not (Youngren et al, 1994; Li et al, 1998). The
ability of atypical APDs to increase cortical dopamine levels
has been attributed in part to their antagonism of «,
autoreceptors, leading to activation of noradrenergic
neurons and the subsequent release of dopamine from
cortical noradrenergic axons (Li et al, 1998; Devoto et al,
2003). When the firing rate of noradrenergic neurons is
increased, as occurs with olanzapine (Dawe et al, 2001),
dopamine-f-hydroxylase rather than tyrosine hydroxylase
becomes the rate-limiting (Scatton et al, 1983). Because the
NE synthetic enzyme dopamine-f-hydroxylase is localized
to vesicles, dopamine accumulated by the vesicle is not fully
converted to NE in activated noradrenergic neurons, and is
released from the terminals of these cells in an impulse-
dependent manner. The release of dopamine from noradre-
nergic axons offers a mechanism explaining how an atypical
APD may increase extracellular PFC dopamine levels in the
face of cortical dopamine depletion. Clearly, future work will
be required to untangle the degree to which various factors
contribute to the observed action of olanzapine.

The ability of APDs to reverse established changes in the
dendrites of PCs after dopamine denervation is consistent
with the dynamic nature of dendritic spines. Interestingly,
the changes in dendrites of PFC neurons that are seen in
response to chronic stress resolve upon discontinuation of
the stressor (Radley et al, 2005), suggesting that dystrophic
changes in dendrites may be reversed with appropriate
interventions in some cases. However, studies on the effects
of psychostimulants and environmental enrichment in the
parietal cortex by Kolb et al (2003) indicate that in other cases
it is not possible to reverse established dendritic spine loss.

Relation to the Pathology of Schizophrenia

Dendritic changes in frontal cortical pyramidal cells are
among the most replicated of findings in postmortem
studies of schizophrenia (Garey et al, 1998; Glantz and
Lewis, 2000; Kalus et al, 2000; Broadbelt et al, 2002; Black
et al, 2004; Kolluri et al, 2005). A large body of data is
consistent with a decrease in dopamine tone in the PFC in
schizophrenia (Weinberger et al, 1988; Davis et al, 1991;
Deutch, 1992; Goldman-Rakic and Selemon, 1997; Knable
and Weinberger, 1997; Goldman-Rakic et al, 2004; Gibbs
and D’Esposito, 2005) and AKkil ef al (1999) reported that the
density of the dopamine innervation of the dorsolateral PFC
is decreased in schizophrenia. We do not advance VTA
6-OHDA lesions as a model of schizophrenia. However, this
approach offers a means of testing one specific aspect of the
pathology of schizophrenia, the dendritic changes in the
prefrontal cortices. Our observation that lesions of the PFC
dopamine innervation cause dendritic changes similar to
those seen in schizophrenia suggests that the proximate
cause of the dendritic spine loss of PFC cells in
schizophrenia may be impaired dopaminergic transmission.

Most postmortem studies of PC dendrites in schizophre-
nia have focused on layer III neurons, which in humans
receives a dense dopamine innervation. We examined cells



in layer V, which in the rat is targeted by dopamine axons.
Of the two postmortem studies that evaluated layer V PCs in
schizophrenia, one reported a decrease in dendritic
branching (Black et al, 2004) but the other found no change
in dendritic parameters (Kolluri et al, 2005). The former
study examined anterior orbitofrontal cortex, while the
latter focused on the dorsolateral prefrontal cortex. We
observed changes in both dendritic length and spine density
in the prelimbic cortex of the rat. Because the medial PFC of
the rat evolves into several spatially segregated frontal
cortical regions with different cytoarchitectonic character-
istics in humans, the prelimbic cortex of the medial PFC of
the rat is probably not homologous to a single primate
prefrontal cortical region (Uylings et al, 2003).

Olanzapine, but not haloperidol, has been reported to
prevent gradual cortical volume loss over the first 2 years of
the active illness (Lieberman et al, 2005b). It remains to be
determined if olanzapine treatment will reverse established
structural changes in patients with chronic illness. In our
study, we examined the effects of PFC dopamine depletion
in young adult animals, but age-related changes in dendritic
structure, as have been reported in primates (Duan et al,
2003), may limit the ability of treatments to reverse or
attenuate dendritic changes. Additional studies will be
required to define the degree to which structural changes in
PC dendrites can be reversed by treatments commencing
long after dendritic changes have been established.

We can draw clear parallels between the changes in
pyramidal cell dendrites seen in animals with cortical
dopamine depletion and the pathological changes observed
in the PFC in schizophrenia. Less clear, however, is the
relationship between the ability of an atypical antipsychotic
drug to reverse dopamine depletion-induced changes in
dendrites and clinical response to the atypical APD.
Although a large body of literature has reported that
atypical APDs are superior to typical agents in the treatment
of schizophrenia, including response in cognitive domains,
more recently a recent large multicenter study using time to
discontinue treatment for any reason as an end point found
several atypical APDs to be comparable to a single reference
typical APD (Lieberman et al, 2005a). More detailed
analyses of the data from this study, including a recent
one on cognitive responses to APDs, similarly found a lack
of superiority of atypical over typical APDs (Keefe et al,
2007). Even in the first episode study of Lieberman et al
(2005b) that found less cortical volume in patients treated
with olanzapine and haloperidol, overall therapeutic re-
sponse was comparable in the olanzapine- and haloperidol-
treated groups (Green et al, 2006), although some secondary
measures (such as remission rates, likelihood to discontinue
treatment, and depression ratings) were better in patients
treated with the atypical APD. The ability to tie the dendritic
changes to specific therapeutic responses, ranging from
negative symptoms to various cognitive domains, will
require expanded clinicopathological correlations in large-
scale prospective studies.

Conclusions

Lesions that disrupt the dopamine innervation of the PFC
resulted in dystrophic changes in the dendrites of layer V
pyramidal cells. These changes are similar to those observed
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in postmortem studies of schizophrenia, in which the
dopamine innervation of the PFC appears to be compro-
mised. Moreover, our observations on the effects of APDs
are consistent with emerging clinical data suggesting that
the structural changes in schizophrenia can be attenuated
by atypical APDs (Lieberman et al, 2005b).

We have addressed a pathological consequence of PFC
dopamine denervation, but not the normal physiological
functions of dopamine in determining or maintaining PFC
dendritic structure. Changes in dopamine signaling alter the
tuning of PFC neurons during working memory tasks
(Goldman-Rakic, 1999; Rao et al, 2000; Meyer-Lindenberg
et al, 2005). Interestingly, VTA stimulation paired with
presentation of a tone increases the size of the cortical field
that responds to the stimulus and increases selectivity of the
response to the tone (Bao et al, 2001). Such changes in
selectivity may be due to increases in the dendritic
architecture of cortical pyramidal cells. Conversely, dopa-
mine depletion-induced dystrophic changes in dendrites of
pyramidal cells in association cortices may be associated
with decreased tuning and contribute to cognitive deficits in
schizophrenia.
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