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Abstract
Prenatal exposure to alcohol in humans can result in a wide range of deficits collectively referred
to as Fetal Alcohol Spectrum Disorders. Of these deficits, cognitive impairments are among the
most debilitating and long-lasting. Specifically, cognitive impairments in executive functioning
suggest damage to the prefrontal cortex (PFC). Several external stimuli, such as morphine, chronic
stress and maternal stress have been found to alter the dendritic structure of cells within the PFC.
In this study, three groups of rat pups were used: intubated with alcohol (5.25g/kg/day; AE), sham
intubated (SI), or suckle controls (SC) on PD4-9. On PD26-30 rats were anesthetized, perfused
with saline and brains were processed for Golgi-Cox staining. Basilar dendrite complexity, spine
density and spine phenotypes were evaluated for Layer II/III neurons in the medial PFC. Results
indicate that AE rats have an altered basilar dendritic tree complexity due to a significant decrease
in both length and number of intersections in proximity to the neuronal soma. Furthermore, spine
density patterns of basilar dendrites remain unchanged while the density of mature versus
immature spines significantly changes. These effects were not seen in the apical dendrites,
indicating alcohol’s influence on different neuronal parts in a single cell. In addition, these results
suggest that the innervations of the soma and basilar dendrites by thalamic projections may play a
role. Thus, our data demonstrates that postnatal exposure to alcohol produces changes in the
neuronal organization of rat adolescent PFC that may affect the performance on prefrontal-
dependant behavioral tasks.
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INTRODUCTION
Prenatal alcohol exposure can result in Fetal Alcohol Spectrum Disorders (FASD), which
have been diagnosed in nearly 10 out of 10,000 live births each year (Abel, 1998). Patients
with FASD exhibit a wide range of effects including physical, cognitive, learning and
behavioral disabilities all of which are prominent throughout a lifespan (Calhoun et al.,
2006). Gross neuroanatomical effects are evidenced in a relationship between frontal brain
size and maternal alcohol consumption as well gray matter asymmetry in the frontal lobe of
patients with heavy prenatal alcohol exposure (Wass et al., 2001; Sowell et al., 2002;
Rasmussen, 2005). Patients with FASD also show mental effects such as a lack of inhibition,
logical reasoning and flexible thinking (Rasmussen, 2005; Connor 2000; Kuboshima-
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Amemori & Sawaguchi, 2007). Moreover, learning problems, involving working memory
and behavioral flexibility, also are apparent (Streissguth et al., 1994; Connor et al, 2000;
Rasmussen, 2005). Finally, patients with FASD exhibit behavioral disabilities that are
common in patients suffering from frontal lobe damage (Connor et al., 2000) including, but
not limited to, executive functioning deficits, such as planning, organized search, inhibition,
working memory and flexible thinking (Rasmussen, 2005; Connor, 2000; Welsh &
Pennington 1988), indicating the role of the prefrontal cortex in FASD behavioral
disabilities.

Of particular interest is the medial PFC (mPFC), which is one of the last brain structures to
develop in both humans and rats, yet its development occurs at different time points for each
species. In humans, neurogenesis and migration of neocortical neurons occurs during the
third trimester of fetal development, with the more superficial layers of the neocortex being
formed last (Goldman-Rakic et al, 1983). Moreover, there is a rapid increase in the length of
basilar dendrites of future Layer III and Layer V pyramidal neurons during the third
trimester, while the number of basilar dendrites per pyramidal neuron appears to stabilize at
the onset of the third trimester (Mrzljak et al., 1992). It is also during the third trimester
when dendritic spines begin appearing on Layer III and V pyramidal neurons (Mrzljak et al.,
1990). Other developmental processes, such as dendritic maturation and synaptogenesis,
continue to occur postnatally, with the most rapid changes occurring in the first few years of
life. (Goldman-Rakic et al., 1983; Anderson et al, 1995; Huttenlocher and Dabholkar, 1997).
In rats, the medial prefrontal cortex (mPFC) consists of the anterior cingulate, prelimbic and
infralimbic regions (Jerison, 1997; Uylings et al., 2003; Heidbreder & Groenewegen, 2003).
Neurogenesis of the most superficial cortical cells occurs just prior to birth (Bayer and
Altman, 2004) with some of the latest neurons still migrating to mature positions during the
first few days of postnatal life (Van Eden et al., 1990). Although the process of entering the
cortical plate starts just before birth (Kalsbeek et al., 1988), there is an increase in the
number of dopaminergic fibers from the mediodorsal nucleus of the thalamus, the major
afferent of the PFC, during the first postnatal week (Van Eden et al., 1986) suggesting that
significant differentiation and maturation of prefrontal cortex occurs postnatally in the rat
brain. These fibers reach and terminate in the developing Layer III and it is suggested that
their early presence may play an important role in the laminar development of the prefrontal
cortex (Van Eden et al., 1986). This is further supported by evidence of changes in the
morphology of dopaminergic fibers beginning around postnatal day 4 (Kalsbeek et al.,
1988). Thus, the rat model of third trimester alcohol exposure allows for a more direct
examination of alcohol’s effects on the developing frontal cortex because many important
stages of development occur after the animal is born.

In the developing cortex, pyramidal neurons are greatly affected by many external
influences such as stress (Radley et al., 2006), environmental complexity (Kolb et al., 2003),
amphetamines (Crombag et al., 2004) and alcohol exposure (Tu et al., 2008; Whitcher &
Klintsova, 2008). Pyramidal neurons vary considerably in dendritic complexity (total length
of dendrites, combined with the number of branches and bifurcations) between different
layers and cortical regions, suggesting that different structural features may carry different
functional loads (Spruston, 2008). In particular, Layer III pyramidal cells in the prefrontal
cortex integrate and organize inputs from thalamocortical fibers, originating primarily in the
mediodorsal (MD) nucleus (Van Eden, 1986). Furthermore, they influence the axonal
competition of glutamatergic neurons originating in the MD nucleus (Wedzony et al, 2005).
Thus, changes in dendritic complexity could affect the overall function of pyramidal
neurons.

Along with dendritic complexity, dendritic spines in the prefrontal cortex are also greatly
influenced by external factorssuch as stress (Radley et al., 2008), dopamine depletion (Wang

Hamilton et al. Page 2

Synapse. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



& Deutch, 2008) and alcohol exposure (Whitcher & Klintsova, 2008). A postnatal-binge like
alcohol exposure has been shown to affect spine density without affecting the dendritic
morphology of apical dendrites in Layer III pyramidal cells, suggesting that the plasticity of
spines on PFC neurons may be most vulnerable to alcohol exposure at this developmental
stage (Whitcher & Klintsova, 2008). This harmful effect of alcohol exposure on the highly
plastic pyramidal neurons in a still developing cortex is evident in both humans and in rats.
In 1987, Ferrer and Galofré described a case study of a 4-month-old male, diagnosed with
FAS, who died of pneumonia. His autopsy revealed that there was a decrease in spine
density on the apical Layer V pyramidal neurons in his PFC as well as an increase in
immature spines. Alcohol exposure in rat pups during postnatal days 2–6 has been shown to
affect cortical areas, such as primary somatosensory and motor cortices (Granato et al.,
2003). In particular, the postnatal exposure produced a decrease in dendritic length and a
reduction in the number of end points in the basilar dendrites of Layers II/III pyramidal
neurons (Granato et al., 2003). Thus, of these pyramidal neurons, it is their dendritic trees—
in particular their dendritic complexity and their spines—that are the most affected by
prenatal alcohol exposure.

The purpose of the current study was to extend the outcomes of our previous study on the
persistency of the effects of neonatal exposure to alcohol on dendritic arborization, on spine
density and on spine phenotypes in mPFC Layer II/III pyramidal neurons. Based on
previous work in our lab, it was hypothesized that neonatal alcohol exposure would affect
overall spine density as well as altering the density of mature and immature spines and
reduce the complexity of basilar dendrites in Layer II/III pyramidal neurons.

MATERIALS AND METHODS
Subjects

All procedures were done in accordance with the University of Delaware Institutional
Animal Care and Use Committee. Long Evans rat litters from timed pregnancies were
obtained and litters were culled on postnatal day (PD) 3. Gestational age was used as a
reference for the developmental timing of all treatments. Gestational Day (GD) 22 was
considered to be the day of birth (PD 0) and thus, PD 4 would be GD 26.

One animal from the sham intubated (SI) group was removed from the data analysis. This
was due to a lack of neurons that met criteria. Thus, the final number of animals per
condition was suckle control (SC) = 5, SI = 4 and alcohol-exposed (AE) = 6.

Alcohol Exposure
At PD 4, litters were randomly assigned to one of three conditions: SC, SI or AE. SC
animals were weighed daily but otherwise left undisturbed. The SC condition received no
intubation treatment, as opposed to both the SI and the AE animals. Intragastric intubations
occurred from PD4-9 for both the SI and AE groups. SI animals were intubated, on the same
schedule as the AE animals, and the tube was removed after 10–15 seconds without the
infusion of any solution. AE animals were intubated and given a daily dose of 5.25g/kg of
alcohol, which was divided into two intubations each day, two hours apart. A third
intubation of milk (no ethanol) was administered two hours after the second alcohol dose.
Solely on PD 4, a fourth intubation of milk solution was given four hours after the second
alcohol dose in order to compensate for reduced milk intake. All pups were weaned on PD
23 and subsequently housed in social conditions of 3–4 rats of the same sex per cage.
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Blood Alcohol Concentrations
Blood samples were collected from a tail clip of each AE pup 90 minutes after the second
alcohol intubation on PD 4 in order to determine the blood alcohol concentration (BAC).
BACs were assayed from the plasma of each blood sample using an Analox GL5 Alcohol
Analyzer (Analox Instruments, Boston, MA).

Tissue Preparation
On PD26-30, rats were deeply anesthetized and transcardially perfused with 0.9% saline.
Brains were removed and transferred in Golgi-Cox solution in which they were left, in the
dark, for three weeks. After which, they were transferred into 30% sucrose in saline. Two
hundred micrometer coronal sections were cut through the entire extent of the PFC and
collected in order on gelatinized slides. Slides were then processed as described previously
(Gibb and Kolb, 1998; Whitcher & Klintsova, 2008).

Dendrite Analysis
Sholl Analysis—Tissue was coded to ensure that the experimenter remained blind to
animal condition throughout the analysis procedure. Analysis of neurons occurred on the
section closest to Bregma 3.7 as well as the next seven posterior sections in rostro-caudal
direction, a total of eight sections per animal. Medial prefrontal cortex (mPFC) neurons were
traced and measured using a computer-based neuron tracing system (NeuroLucida—Version
8.10.1; MBF, Bioscience, Williston, VT). For each section, the mPFC was identified by the
experimenter at a low magnification (5× objective) and then outlined on the projected
image. Next, the cell bodies of Layer II/III pyramidal neurons were marked and traced at a
higher magnification (40× objective). Using Line Measure Tool in Neurolucida software the
distance between the traced cell body and cortical surface was determined for every traced
neuron (10×). Layer II/III pyramidal neurons were classified as such and included in the
analysis if they were located within Zilles Cg1 or Cg3 region, demonstrated the
characteristic pyramidal-shaped cell body and if they were located between 200–500 μm
from the cortical surface. In addition, the following criteria had to be satisfied: the basilar
tree’s branches were contained in the section being observed; branches could not be broken
or obscured; the extent of the tree was evenly and fully impregnated, including dendritic
spines. Basilar dendrites of each neuron were traced at high magnification (100× oil
objective). While tracing the neuron, the software automatically assigned the branching
order starting at the first bifurcation of the basilar dendrite. Next, in order to determine the
dendritic complexity of the neurons, a Sholl analysis was performed (Figure 1) wherein the
mean of all neurons in an individual animal was used to perform statistics. Dendritic
complexity can be defined as the total length of dendrites, combined with the number of
branches and bifurcations.

Spine Density Analysis—Spine density measurements consisted of marking all of the
spines on two randomly selected Order 2 branches (due to their proximity to the soma) as
well as two randomly selected Order 4 branches (due to their distal nature from the soma)
for each cell.. Only branches over 20μm in length were included in the study. Spine density
was calculated per 10μm of dendritic length. Finally, spine phenotyping was done on the
first 7–13 spines of each order 2 and order 4 branches for a total of between one hundred to
110 phenotyped spines per animal. Spines were classified, based on the principles outlined
in Irwin et al, 2002, as either immature or mature according to their shapes (Figure 2).The
total density of mature versus immature spines was then calculated for each animal. In
addition, at the site of each spine included in analysis, the dendritic width was measured to
ensure that the thickness of dendritic branches did not differ between any of the three animal
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groups. No significant differences existed between groups in the width of dendrites used for
spine phenotypes.

Statistical Analysis
Repeated measures ANOVA was used to compare Sholl analyses between groups, looking
in particular at ring × treatment. One-way ANOVA followed by Turkey post hoc test were
used to evaluate the effect of postnatal condition on both the basilar dendrites’ spine density
in mPFC and the percentage of mature or immature spine phenotypes. One-way ANOVA
was also used to evaluate group differences for total dendritic length. The SPSS statistical
package was used for all analyses. The level of significance was set at p < 0.05 for all tests.

RESULTS
Blood Alcohol Concentrations

Blood alcohol concentrations (BAC) were measured in samples obtained from each AE
animal 1.5 hours after the second ethanol dose on PD4. The average BAC was 333.5 +/−
15.0 mg/dl.

Dendritic Complexity
Repeated measures ANOVA was used to compare Sholl analyses between groups, in
particular looking at ring (distance from soma) × treatment interaction. Results demonstrate
a significant interaction between ring intersection and postnatal treatment (F(5.512,
30)=2.658, p=.036) Furthermore, T-tests for individual intersections found AE animals to
have significantly less intersections than SC animals at 60μm (p <.05), at 80μm (p<.01) and
at 100μm (p<.01). SI animals also have significantly less intersections than SC animals at
60μm (p<.05) (Figure 3).

Dendritic Length
One-way ANOVA was used to analyze total length of all basilar dendrites in Layer II/III
neurons. The total length of basilar dendrites in AE animals are significantly shorter than
those of SC animals (F(2, 14) = 3.917, p = .049) (Figure 4).

Dendritic Spine Density
One way ANOVA followed by Turkey post hoc test revealed no significant difference in
spine density across conditions in either Order 2 (F(2, 15) = 1.238, p = .322) or Order 4
(F(2,15) = .222, p = .804) branches (Figure 5).

Dendritic Spine Phenotypes
One-way ANOVA demonstrated significant differences in the spine phenotypes (Figure 6a)
of both Order 2 (F (2, 14) = 8.175, p=.006) and Order 4 (F (2, 14) = 8.044, p=.006)
dendritic spines. Turkey post hoc comparison revealed significant differences between the
AE and SC animals in both the Order 2 (p=.005) and the Order 4 (p=.005) spines, wherein
there was a significant increase in the density of mature spines compared to the percentage
of immature spines (Figure 6b). Also, there was no difference between SC and SI in either
Order 2 (p=.343) or Order 4 (p=.514).

DISCUSSION
The results of our study indicate that binge-like exposure to alcohol during a third-trimester
equivalent has a long-lasting effect that impacts distinct dendritic parts of individual
pyramidal cells in the mPFC differently, and that its effect is evident in adolescent rats. AE

Hamilton et al. Page 5

Synapse. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



animals have significantly shorter dendrites as well as less dendritic branching and
bifurcations in basilar dendrites of Layer II/III pyramidal neurons in the mPFC.
Furthermore, the ratio of mature versus immature spines in AE animals is significantly
higher compared with those of both the SC and SI animals. However, there is no significant
evidence that the overall density of dendritic spines, in basilar branches of cortical neurons,
is affected by postnatal alcohol exposure.

Few studies demonstrate decreased dendritic complexity resulting from developmental
alcohol exposure in the mPFC. Granato and colleagues (Granato et al., 2003) administered
ethanol through inhalation to PD2-PD6 neonatal rats, which resulted in a simplification of
dendritic branching in mPFC layers II/III neurons, evidenced by a reduction in the number
of dendritic end points and a significant decrease in the overall total length of basilar
dendrites. Interestingly, an increased complexity in Layer V neurons was also seen in these
animals, which could suggest a very specific time window in which ethanol exposure
induces damage to specific neuronal regions.

Furthermore, previous work in our lab (Whitcher & Klintsova, 2008) explored the effects of
third-trimester equivalent binge-like alcohol exposure on apical dendrites and found a
significant decrease in spine density but no difference in dendritic complexity.
Comparatively, the results of this study demonstrate that in the basilar dendrites of those
same animals alcohol exposure reduces dendritic complexity as well changes the ratio of
mature to immature spines without affecting spine density. These distinct effects of neonatal
alcohol exposure on the apical versus basilar branches indicate a different outcome for
connectivity or input on the two regions of the dendritic tree. Structural changes in mPFC
neurons lead to changes in their function. These different structural effects also could
support the possibility that the effects of developmental alcohol exposure on different
neuronal layers in the cortex, and even unique neuronal parts of dendritic tree (i.e. apical
versus basal), are secondary to the effects on afferent connections.

In the prefrontal cortex, apical dendrites of pyramidal neurons receive parallel input from
other parts of the neocortex, whereas the basilar dendrites of Layer III neurons are primarily
innervated by reciprocal connections from the mediodorsal and anterior nuclei in the
thalamus (Heidbreder & Groenewegen, 2003; Rotaru et al., 2005; Wedzony et al., 2005).
Reciprocal connections from the mediodorsal nucleus are directed to Layer III, whereas
cortical projections to the mediodorsal nucleus originate from Layer VI (Heidbreder &
Groenewegen, 2003). Inputs from the mediodorsal nucleus not only synapse directly onto
the spines of pyramidal cells in the mPFC but they also have an indirect influence through
the local cortical interneurons; in particular paravalbumin (PV) cells (Rotaru et al., 2005).
These inhibitory cells synapse primarily onto the soma, proximal dendrites and axon initial
segments of PFC cells. Still, not only do the majority of excitatory mediodorsal neuron
axons innervate the basilar dendritic spines of Layer III PFC pyramidal cells (2005) but
excitatory projections from the anterior thalamic nuclei also form synaptic contacts on the
basilar dendrites of Layer III pyramidal cells (Shibata, 1993). A reduction in the dendritic
complexity of proximal basilar dendrites in mPFC cells could result in a decreased influence
of these projections, in particular through a lack of inhibitory signals from the PV cells. This
would produce sensory information overload (Wedzony et al., 2005) resulting in only the
direct excitatory signals being processed. An increase in excitatory connections is also found
when deregulation of the thalamic filter occurs (Stahl, 2008). The thalamic filter serves to
regulate the sensory input from afferent fibers traveling through the thalamus and then into
the cortex. This allows information processing to occur in an orderly manner (Stahl, 2008).
Disruption to this filter leads to a deregulation of information processing in the cortex. A
marked reduction of thalamic afferents to the cortical layer III after postnatal alcohol
exposure was demonstrated previously (Granato et al., 1995); suggesting modifications to
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the thalamic filter which result from postnatal alcohol exposure. The current study adds to
the previous reports that suggest alterations to the thalamic filter may occur not only in
thalamic afferents but also in the neurons to which they project.

Other factors have been shown to decrease dendritic complexity in the mPFC. For example,
exposing a pregnant dam to stress significantly affects the development of Layer II/III
pyramidal neurons in her offspring. In particular, there are stress-related changes in
complexity, in which the number of dendritic intersections and total dendritic length are
reduced (Murmu et al, 2006). Chronic stress has also been shown to produce a decrease in
dendritic complexity, spine density and mature spines in the mPFC of rats (Radley et al.,
2008). In particular, chronic restraint stress has been shown to decrease the length and
branching of apical dendrites in the prefrontal cortex (Liston et al., 2006). Accordingly,
animals with a decrease in mPFC dendritic material also showed a selective impairment in
extradimensional attention shifting (mPFC dependent behavior), but not discrimination or
reversal learning (mPFC-independent behavior) (2006). The mPFC is a target for
glucocorticoids as evidenced by the growing literature that shows the damaging effects of
stress and corticosteroid treatment on the structure of the mPFC (Cook & Wellman, 2003;
Brown, Henning & Wellman, 2005; Cerqueira et al., 2007). Interestingly, the damaging
effect of stress on the mPFC has been shown to be reversible in both humans (Liston et al.,
2009) and rats (Radley et al., 2006). This growing body of literature indicates that the mPFC
is a very plastic and thus very susceptible brain region which is markedly sensitive to the
effects of teratogens and environmental factors.

The majority of work looking at prenatal alcohol exposure examines its teratogenic effects
on the hippocampus. For example, providing pregnant dams with a liquid diet, in which 35%
of their total daily calories are provided by the alcohol (35% EDC), produces abnormal
branching of the mossy fibers in the ventral hippocampus of rat pups (West et al., 1981).
Along with these morphological changes, hippocampal-dependent behavioral changes are
also evident after prenatal alcohol exposure. In fact, prenatal alcohol exposure has been
linked with impaired spatial response-dependent learning (for review, see Berman &
Hannigan, 2000). In sum, this suggests that the loss of connections in the hippocampus
could be playing a role in the behavioral deficit. This relationship between changes in
hippocampal structure and hippocampal-dependent behavior as a result of prenatal alcohol
exposure supports the hypothesis that mPFC structural alterations may lead to PFC-
dependent behavioral disabilities in patients with FASD.

A novel finding in this study was that third-trimester equivalent binge-like alcohol exposure
affected the density of mature and immature spines through a predominance of mature
spines while not affecting total spine density. Moreover, it is interesting to note that we saw
a decrease in dendritic complexity accompanying the increase in mature spines. Spines
function as biomechanical (Nimchinsky et al., 2002; Ethell & Pasquale, 2005) and electrical
dendritic compartments (Tsay & Yuste, 2004). Spine densities fluctuate across brain region,
neuronal type, and location on an individual dendritic tree (Nimchinsky et al., 2002;
Spruston, 2008). Spines vary considerably in shape and size and are highly plastic
(Spruston, 2008). In fact, certain phenotypes, or shapes, have been associated with either
immature or mature synapses (Zhang & Benson, 2000; Irwin et al., 2001; Portera-Cailiau et
al., 2003; Ethell and Pasquale, 2005). Previous work in our lab found that in the mPFC,
postnatal alcohol exposure produced a decrease in apical spine density without producing
changes in spine phenotypes (Whitcher & Klintsova, 2008). This raises the question of why
there is a significant increase in mature spine phenotype without any change to spine density
in the basilar dendrites.
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The majority of excitatory inputs on cortical pyramidal neurons are made on dendritic
spines. The contribution of functionally immature spines has been shown to decrease
significantly before adolescence begins. This decrease in immature spines is evident in
adolescent monkeys, wherein there is also an increase in the AMPA/NMDA ratio
(Gonzalez-Burgos et al., 2008). Mature spines have larger postsynaptic densities, containing
more AMPA receptors (Harris et al., 1992); whereas, immature spines have smaller post
synaptic densities, containing NMDA receptors but few AMPA receptors (Ganeshina et al.,
2004). Ethanol acts by blocking NMDA receptors and activating GABAA receptors. Studies
that explore the withdrawal effects from chronic alcohol exposure find hyperactivation of
the NMDA receptors due to the lack of alcohol present (Hendricson et al., 2007). Other
studies find that chronic alcohol exposure in vitro can result in regionally specific up-
regulation of NR1/NR2A expression (Snell et al., 1996) while chronic alcohol exposure in
vivo results in an increase in the number of binding sites for MK-801 ( Gulya et al., 1991).
Therefore, the AMPA/NMDA ratio could be affected by ethanol through an increase in
NMDA receptor presence or binding.

It is clear that neonatal alcohol exposure results in changes in the morphology of Layer II/III
mPFC pyramidal cells, yet it remains to be shown, using a rat model, whether these changes
are accompanied by the deficits in prefrontal cortex-dependent behavior. A human study,
looking at the brains of alcoholics, shows significant decrease in basilar dendritic
arborization of Layer III pyramidal neurons (Harper & Corbett, 1990). Moreover, studies
using electrophysiology have shown that ethanol dose-dependently reduces spike activity in
the PFC of an anesthetized rat (Tu et al., 2007), suggesting that ethanol-induced changes in
the activity of deep-layer cortical neurons may underlie the behavior effects associated with
alcohol intake.

Our results provide more evidence for a structural correlate of some of the behavioral
deficits observed in FASD patients. FASD is associated with morphological changes in the
PFC, including frontal brain size changes (Wass, Persutte & Hobbins, 2001) and frontal lobe
gray matter asymmetry (Sowell et al., 2002). Decreased dendritic length and complexity in
mPFC could add to the changes in the functioning of neurons in mPFC, which in turn would
affect behavior. The lack of change in spine density on basilar dendrites accompanied by the
significant decrease of spine density on apical dendrites in this animal model of FAS
highlights how spines can be differentially affected by developmental alcohol exposure. It is
not clear if these changes in dendritic and spine morphology result from the direct effect of
alcohol on pyramidal neurons in the cortex or they are secondary to the alcohol-induced
changes in the afferent connections. Future work with this animal model should attempt to
further uncover changes in mPFC and its intrinsic and extrinsic connections, as well as
identify potential ameliorative mechanisms.
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Figure 1.
Left: Magnified (20× objective) image and tracing of a Layer II/III pyramidal neuron in
mPFC. The tracing demonstrates the designated ordered branches with yellow lines being
first order branches, white lines being second order branches, pink lines being third order
branches, green lines being fourth order branches, blue lines being fifth order branches and
gray lines being sixth order branches. Right: Analysis of a stereotypical pyramidal neuron
using the Sholl Analysis. Concentric spheres, which are centered in the neuron’s soma,
expand outwards with increasing radii of 20μm. The Sholl Analysis counts the number of
intersections with each sphere in order to determine dendritic complexity of an individual
neuron.
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Figure 2.
Left: Magnified (40× objective) image of basilar branches from a Layer II/III pyramidal
neuron in the mPFC. The boxed area is then magnified (right) to a 100× objective in order to
determine the spine density of a given branch. Furthermore, the higher magnification allows
for easier distinction of the different spines shapes (bottom right). Cartoon image is
modified from Irwin et al. (2002).

Hamilton et al. Page 13

Synapse. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Number of dendritic tree intersections with Sholl radii in each animal group. Repeated
Measure ANOVA demonstrated significant interaction between ring intersection and
postnatal treatment (F(5.512, 30)=2.658, p=.036). Furthermore, T-tests for individual
intersections found alcohol exposed (AE) animals to have significantly less intersections
than suckle control (SC) animals at 60μm (p<.05), at 80μm (p<.01) and at 100μm (p<.01).
Sham intubated (SI) animals also have significantly less intersections than SC animals at
60μm (p<.05). (AE – alcohol exposed; SI – sham intubated; SC – suckle control). Values
indicate means +/− s.e.m.
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Figure 4.
Total dendritic length per Layer II/III neuron in each animal group. Basilar dendrites of AE
animals are significantly shorter than those of SC animals (F(2,14) = 3.917, p = .049). (AE –
alcohol exposed; SI – sham intubated; SC – suckle control). Values indicate means + s.e.m.
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Figure 5.
Spine density on order 2 and order 4 dendritic branches of Layer II/III pyramidal neurons in
each animal group. No significant difference in spine density was found across conditions in
either Order 2 or Order 4 branches. (AE – alcohol exposed; SI – sham intubated; SC –
suckle control). Values indicate means + s.e.m.
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Figure 6.
(a) Spine phenotype categorization. This scheme was used to categorize each spine (between
100–110 per animal) and assign it either mature or immature status. Cartoon modified from
Irwin et al. (2002). (b) Density of mature vs. immature spine phenotypes in each animal
group of Order 4 Branches. One-way ANOVA demonstrated significant differences in the
spine phenotypes of both Order 2 (F (2, 14)= 8.175, p=.006) and Order 4 (F (2, 14) = 8.044,
p=.006) dendrites. The graph represented is for Order 4 dendrites; only one graph is shown
as Order 2 branches had almost identical results. Turkey post hoc comparison revealed
significant differences between the alcohol exposed (AE) and suckle control (SC) animals in
both the Order 2 (p<.01) and the Order 4 (p<.01) spines. Also, there was no difference
between SC and sham intubated (SI) in either Order 2 (p=.343) or Order 4 (p=.514). Values
indicate means + s.e.m.
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