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ABSTRACT
Exposure of the developing fetus to ethanol has numerous and wide-ranging effects
including hippocampal damage resulting in difficulties with spatial learning and memory.
Children and animal models tested on these types of tasks are able to perform them but not to
the same standard as controls. This suggests that although the brains of these subjects still
contain the same basic circuitry, it appears to have been altered in some way that decreases
performance. This has been previously investigated with cell count studies that found ethanol
exposure during development significantly decreases the number of CA1 but not CA3 cells in
the hippocampus. The axons from CA3 pyramidal neurons are an important input to the CA1
cells and it is likely that the synaptic complement of the CA1 apical dendritic tree will be
altered to accommodate this imbalance. The current study investigated whether there were
any changes to the spines, synapses and mitochondria of the CA1 dendritic tree in the upper
stratum radiatum following ethanol exposure.
Rat pups were exposed to a single-binge ethanol dose (6g/kg body weight) on PN6 to
investigate brain tissue at PN26-30. The animals underwent intra-cardiac perfusion with a
paraformaldehyde/glutaraldehyde fixative solution to obtain hippocampal tissue for
transmission electron microscopy. An initial series of fixation trials were performed to
optimise the quality of tissue fixation then sets of serial sections were used with 3dimensional reconstruction technology (Synapse Web) to analyse components of the CA1
dendritic tree. The total number of spines/µm of dendrite was not found to be significantly
different between ethanol-exposed and control animals, (p=0.8894) and both groups had
significantly more normal spines (F(1, 27)=0.2369, P=0.6304) than other types. The total
number of synapses was not significantly different between treatment groups (p=0.5677) and
each group had significantly more non-perforated than perforated synapses (F(1,20)=26.15,
P<0.0001). There was also no significant difference in the volume fraction of mitochondria
within the length of dendrite analysed, between groups (P=0.9593). However, the length of
total apical dendritic tree of the CA1 pyramidal cells was significantly longer (p<0.001) in the
alcohol treated group (294.1±4.9µm) compared to the control group (267.4±4.3µm).
This study has shown that the density of dendritic spines and synapses on the spiny
branchlets of CA1 pyramidal cells in the upper stratum radiatum was preserved following a
single ethanol exposure on postnatal day six, but that the overall length of the dendrite tree
was increased. This is thought to be an attempt to compensate for CA1 pyramidal cell loss
with reduced plasticity of the existing dendrite and suggests that instead the total number of
spines and synapses per CA1 cell may have been altered.
ii

ACKNOWLEDGEMENTS
There are many people that I have to thank for supporting me in completing this
project. First and foremost my supervisor, Ruth Napper without whom this project would not
have been possible. Your support, guidance and expertise were always highly valued. To the
rest of the Napper lab group I would also like to say thank you. Your support has been greatly
appreciated. I would also like to thank my friends and family for their encouragement
throughout this project.
The Anatomy department as a whole deserves a huge thank you as well as particular
recognition to the various branches within that had a huge role in helping with my project.
The OCEM staff; Gillian, Sharon, Allen and Richard were always there to help and teach me
all the various skills needed for TEM analysis. Thank you, your knowledge and support were
highly valued. I would also like to thank the IT staff for expertise and support with some of
the more technical aspects of this project. A big thank you also goes to the BPU staff for
caring for my animals while they were housed there. Finally, I would also like to thank the
Scholarships department of the University of Otago for the financial support that allowed me
to complete this research.

iii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS.................................................................................................. iii	
  
TABLE OF CONTENTS ..................................................................................................... iv	
  
LIST OF FIGURES .............................................................................................................. vi	
  
1	
   INTRODUCTION ........................................................................................................... 1	
  
1.1	
   Fetal Alcohol Syndrome .......................................................................................... 2	
  
1.2	
   Dose and Timing of Ethanol Exposure ................................................................... 3	
  
1.3	
   The Hippocampus .................................................................................................... 4	
  
1.4	
   Cells of the Hippocampus ........................................................................................ 6	
  
1.5	
   Connections of the Hippocampus ............................................................................ 8	
  
1.6	
   Tissue fixation........................................................................................................ 12	
  
1.7	
   Investigation of Dendritic Structure ...................................................................... 14	
  
1.8	
   The Proposed Project ............................................................................................. 16	
  
2	
   METHODS .................................................................................................................... 18	
  
2.1	
   Animals .................................................................................................................. 19	
  
2.2	
   Ethanol Treatment.................................................................................................. 19	
  
2.3	
   Blood Ethanol Concentration................................................................................. 21	
  
2.4	
   Perfusions............................................................................................................... 21	
  
2.5	
   Tissue Processing for Transmission Electron Microscopy .................................... 22	
  
3	
   FIXATION .................................................................................................................... 24	
  
3.1	
   Methods ................................................................................................................. 25	
  
3.2	
   PN6-8 tissue ........................................................................................................... 27	
  
3.2.1	
   PN6 Methods.................................................................................................. 27	
  
3.2.2	
   PN6 Results .................................................................................................... 27	
  
3.2.3	
   PN6 discussion ............................................................................................... 33	
  
3.2.4	
   PN8 methods .................................................................................................. 33	
  
3.2.5	
   PN8 results ..................................................................................................... 33	
  
3.2.6	
   PN8 discussion ............................................................................................... 42	
  
3.3	
   PN26-30 ................................................................................................................. 42	
  
3.3.1	
   PN30 methods ................................................................................................ 42	
  
3.3.2	
   PN30 results ................................................................................................... 42	
  
3.3.3	
   PN30 discussion ............................................................................................. 56	
  
3.3.4	
   PN26 methods ................................................................................................ 56	
  
3.3.5	
   PN26 results ................................................................................................... 56	
  
3.3.6	
   PN26 discussion ............................................................................................. 64	
  
iv

3.4	
   Fixation discussion ................................................................................................ 64	
  
4	
   DENDRITE RECONSTRUCTION .............................................................................. 66	
  
4.1	
   Methods ................................................................................................................. 68	
  
4.1.1	
   Reconstruction................................................................................................ 68	
  
4.1.2	
   CA1 depth analysis ........................................................................................ 70	
  
4.1.3	
   Statistical Analysis ......................................................................................... 70	
  
4.2	
   Results .................................................................................................................... 71	
  
4.2.1	
   BEC data ........................................................................................................ 71	
  
4.2.2	
   Dendrites ........................................................................................................ 71	
  
4.2.3	
   Dendritic spines .............................................................................................. 72	
  
4.2.4	
   Dendritic Synapses ......................................................................................... 80	
  
4.2.5	
   Mitochondria counts....................................................................................... 89	
  
4.2.6	
   CA1 depth analysis ........................................................................................ 92	
  
4.3	
   Dendrite reconstruction discussion ........................................................................ 93	
  
4.4	
   Future research ....................................................................................................... 98	
  
5	
   REFERENCES ............................................................................................................ 100	
  
6	
   APPENDIX ................................................................................................................. 110	
  
6.1	
   Ethanol Dose Calculations ................................................................................... 110	
  
6.2	
   Fixation Recipes .................................................................................................. 112	
  
6.3	
   Fixation Notes ...................................................................................................... 113	
  
6.4	
   EM tissue processing protocol ............................................................................. 116	
  
6.5	
   Fixation animals and methods ............................................................................. 120	
  

v

LIST OF FIGURES
Figure 1. Pictures of children with FAS. .................................................................................... 2	
  
Figure 2. The brain growth spurt of seven species ..................................................................... 5	
  
Figure 3. Regions of the hippocampus ....................................................................................... 7	
  
Figure 4. Schematic showing the layered regions of CA1. ........................................................ 8	
  
Figure 5. Different spine types found on hippocampal CA1 dendrites.. .................................... 9	
  
Figure 6. Drawings of dendrites from ethanol exposed and control mice ................................ 11	
  
Figure 7. 3D reconstructions demonstrating astrocytic profiles ............................................... 15	
  
Figure 8. Treatment groups of ethanol treated litters. .............................................................. 19	
  
Figure 9. Intubation tube set up used to intubate animals. ....................................................... 20	
  
Figure 10. Pup being held while milk is delivered. .................................................................. 20	
  
Figure 11. Section of the hippocampus showing the CA1, CA3 and DG region. .................... 22	
  
Figure 12. Layers of CA1 of the hippocampus. ....................................................................... 26	
  
Figure 13. Tissue from the pyramidal cell layer of animal PN6-4 at 2500x magnification. .... 28	
  
Figure 14. Tissue from the CA1 cellular layer showing normal ECS ...................................... 29	
  
Figure 15. Tissue from the pyramidal cell layer of animal PN6-4 at 13500x magnification ... 30	
  
Figure 16. Tissue from the dendritic layer of animal PN6-4 at 13500x magnification.. .......... 32	
  
Figure 17. Tissue from the pyramidal cell layer of animal Pt6 at 2500x magnification. ......... 34	
  
Figure 18. Tissue from the pyramidal cell layer of animal Pt8 at 2500x magnification.. ........ 35	
  
Figure 19. Tissue from the pyramidal cell layer of animal Pt6 at 13500x magnification. ....... 37	
  
Figure 20. Tissue from the pyramidal cell layer of animal Pt8 at 13500x magnification. ....... 38	
  
Figure 21. Tissue from the dendritic layer of animal Pt6 at 13500x magnification ................. 40	
  
Figure 22. Tissue from the dendritic layer of animal Pt8 at 13500x magnification.. ............... 41	
  
Figure 23. Tissue from the pyramidal cell layer of animal PN30-4 at 2500x magnification ... 43	
  
Figure 24. Tissue from the pyramidal cell layer of animal PN30-3 at 2500x magnification ... 44	
  
Figure 25. Tissue from the pyramidal cell layer of animal PN30-4 at 13500x magnification. 46	
  
Figure 26. Tissue from the pyramidal cell layer of animal PN30-3 at 13500x magnification. 47	
  
Figure 27. Tissue from the dendritic layer of animal PN30-4 at 2500x magnification. ........... 49	
  
Figure 28. Tissue from the dendritic layer of animal PN30-3 at 2500x magnification ............ 50	
  
Figure 29. Tissue from the dendritic layer of animal PN30-4 at 13500x magnification. ......... 52	
  
Figure 30. Tissue from the dendritic layer of animal PN30-3 at 13500x magnification .......... 53	
  
Figure 31. Tissue demonstrating an intact spine with a synapse on a swollen dendrite. ........ 55	
  
Figure 32. Tissue from the pyramidal cell layer of animal PN26-8 at 2500x magnification ... 57	
  
Figure 33. Tissue from the pyramidal cell layer of animal PN26-8 at 13500x magnification. 59	
  
Figure 34. Tissue from the dendritic layer of animal PN26-8 at 2500x magnification ............ 61	
  
vi

Figure 35. Tissue from the dendritic layer of animal PN26-8 at 13500x magnification. ......... 63	
  
Figure 36. Dendrite with microtubules cut in cross section ..................................................... 68	
  
Figure 37. Examples of different spine types in TEM images. ................................................ 69	
  
Figure 38. Illustrative example of how CA depth was analysed .............................................. 70	
  
Figure 39. Blood Ethanol Concentration by treatment group at PN6. ..................................... 71	
  
Figure 40. A section of dendrite reconstructed from a control animal. .................................... 71	
  
Figure 41. A section of dendrite reconstructed from an ethanol treated animal ...................... 72	
  
Figure 42. An example of the TEM images used to reconstruct a normal spine...................... 73	
  
Figure 43. Multiple views of a normal spine reconstructed from the images in Figure 42 ...... 74	
  
Figure 44. An example of the TEM images used to reconstruct a spinule spine. .................... 75	
  
Figure 45. Multiple views of a spinule spine reconstructed from the images in Figure 44. .... 76	
  
Figure 46. An example of the TEM images used to reconstruct a stubby spine ...................... 77	
  
Figure 47. Multiple views of a stubby spine reconstructed from the images in Figure 46. ..... 78	
  
Figure 48. Total number of spines/μm of dendrite by treatment group. .................................. 79	
  
Figure 49. Number of spines/μm per treatment group by spine type ....................................... 79	
  
Figure 50. An example of the TEM images used to reconstruct a perforated synapse ............ 81	
  
Figure 51. An example of a perforated synapse reconstructed from the images in Figure 50. 82	
  
Figure 52. An example of the TEM images used to reconstruct a non-perforated synapse ..... 83	
  
Figure 53. An example of a non-perforated synapse as reconstructed from the TEM images in
Figure 52. .................................................................................................................................. 84	
  
Figure 54. Total number of synapses/μm by treatment group. ................................................. 85	
  
Figure 55. Total number of perforated and non-perforated synapses/μm per treatment group 85	
  
Figure 56. Number of synapses/μm by treatment group on spines .......................................... 86	
  
Figure 57. Number of synapses/μm that occurred on spines, by type and treatment group..... 86	
  
Figure 58. Number of synapses/μm on the dendrite ................................................................. 87	
  
Figure 59. Number of synapses/μm on the dendrite by type per treatment group. .................. 87	
  
Figure 60. Number of synapses on spines and dendrites/μm per treatment group ................... 88	
  
Figure 61. A reconstructed dendrite showing the mitochondria within in a control animal .... 89	
  
Figure 62. A sample of the TEM images showing every fifth section used to reconstruct the
dendrite and mitochondria in Figure 61 ................................................................................... 91	
  
Figure 63. Volume fraction of mitochondria (%) by treatment group. .................................... 92	
  
Figure 64. CA1 dendritic depth (μm) by treatment group ........................................................ 92	
  

vii

LIST OF ABBREVIATIONS
6g/kg

Ethanol-exposed on PN6

BEC

Blood Ethanol Concentration

DG

Dentate Gyrus

ECS

Extracellular Space

FAS

Fetal Alcohol Syndrome

FASD

Fetal Alcohol Spectrum Disorders

GD

Gestational Day

IC

Intubation Control

LTP

Long-term potentiation

MWM

Morris Water Maze

PFC

Prefrontal Cortex

PN

Postnatal Day

PSD

Postsynaptic Density

SC

Suckle Control

TEM

Transmission Electron Microscope

viii

1 INTRODUCTION
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1.1

Fetal Alcohol Syndrome
Fetal Alcohol Syndrome (FAS) was first described in the 1960s in a French study

which linked the distinct facial features of children born to alcoholics to ethanol consumption
(Lemoine et al., 1968). This was then further characterised as in the 1970s as it was noted that
maternal drinking during pregnancy affected three areas of development resulting in
craniofacial characteristics, pre- and post-natal growth deficits and altered behavioural and
cognitive abilities (Hanson et al., 1976, Jones and Smith, 1973). The craniofacial
characteristics include flattened features in the mid-face region, widely spaced eyes with
small eye openings, a smooth philtrum and a thin upper lip some of which can be seen in
Figure 1 (Hanson et al., 1976). The term Fetal Alcohol Spectrum Disorder (FASD) is now
used to encompass all cases where it is known that there was ethanol exposure of the fetus
during development, irrespective of the magnitude of outcome, (Stratton et al., 1996). This
includes cases where there are minor alterations in behaviour, appearance or growth, to cases
of complete FAS where all three areas are affected. Despite these known consequences,
studies of New Zealand women have shown that some women do continue to consume
alcohol during pregnancy (Watson and McDonald, 1999). This makes investigation of the
resultant deficits and what causes them a highly important area of research.

Figure 1. Pictures of children with FAS. Upper, a boy with fetal alcohol
syndrome at birth (left) and at 6 months old (right). Lower, a girl with FAS at 16
months (left) and four years (right). From Hanson et al. (1976).
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Although ethanol exposure alters the growth and appearance of many body systems,
the effects on the central nervous system are the most detrimental and undesirable outcome.
Studies of human subjects have found a range of behavioural problems using standard skills
and behavioural tests such as the Test of Early Language Development and the
Developmental Behaviour Checklist, alongside parental interviews and other measures of
intelligence and skill. These tests revealed common outcomes across many different countries
with children of various ages to find that ethanol exposure affects language and visual skills
(Janzen et al., 1995), sleep and emotions (Steinhausen and Spohr, 1998) and behaviour
resulting in an increase in anxiety and anti-social and disruptive behaviours (Steinhausen et
al., 2003). Intelligence, sometimes resulting in mental retardation (Aronson and Hagberg,
2006, Steinhausen and Spohr, 1998) and socialisation and communication are also affected
(Åse et al., 2012). Memory impairments are also apparent in relation to verbal tasks (Mattson
and Roebuck, 2002, Willford et al., 2004), visual tasks (Kaemingk et al., 2003), facial
memory recall (Wheeler et al., 2012) and attention (Aronson and Hagberg, 2006). However,
some of these studies indicated that while these children are initially impaired on performance
of these tasks they are still able to retain a similar proportion of information as controls
(Kaemingk et al., 2003, Mattson and Roebuck, 2002). From these studies we can conclude
that ethanol has a wide range of detrimental effects on learning and behaviour although this
can result in a reduced performance rather than complete absence of abilities.
1.2

Dose and Timing of Ethanol Exposure
There are two important factors to consider when assessing ethanol damage to the

brain. These are the blood ethanol concentration (BEC), including both the peak and duration
of elevated BEC, and the timing of ethanol exposure, with respect to brain development. It
has been found that both of these factors influence the prevalence and severity of alcohol
exposure related problems (Bonthius and West, 2005, O'Leary et al., 2010). It is important to
be able to compare these two factors across human and animals studies to ensure animal
studies closely reflect what is occurring in humans although data on BEC levels during
pregnancy is infrequently available (Watson and McDonald, 1999). Understanding the
relationship between BEC and resulting cellular damage however is important as peak BEC
has been found to be positively correlated with the magnitude of damage (Bonthius and West,
2005). Frequency, the number of exposures to ethanol and the duration of elevated BEC also
contribute to the degree of damage (Young and Olney, 2006). Once this is fully understood in
animal models, interpretation of human data may become easier.
3

The timing of ethanol delivery, with respect to the stage of brain development, also
influences the extent and type of damage that results. Ethanol exposure when brain areas in
particular, rather than other parts of the body, are undergoing rapid growth has been found to
result in the greatest magnitude of intellectual impairment (O'Leary et al., 2010). In FAS,
facial characteristics only result from ethanol exposure early in development, when the facial
features are being established (O'Callaghan et al., 2007). However behavioural deficits can
arise from exposure at any time during development as the brain is constantly growing,
whether by the generation of cells or the refining of connections within and between brain
regions (O'Callaghan et al., 2007). It has been shown that even one glass of alcohol a day, in
early pregnancy, is associated with some behavioural and learning problems while increasing
intake to more than one glass a day, particularly in late pregnancy, results in more severe
cognitive, attention and learning problems (O'Callaghan et al., 2007). A clear link has also
been established between severity of problems and the duration of exposure with more severe
problems arising following exposure throughout gestation when compared to exposure during
the first twelve weeks or less (Aronson and Hagberg, 2006).
Recent MRI students of subjects with FASD have indicated that some brain regions,
as previously shown in animal model studies, are more susceptible to damage by
developmental ethanol exposure than others (Sowell et al., 2002). One of these regions is the
hippocampus, a key area involved in learning and memory. This has been found to be reduced
in volume in children with FASD between six and seventeen years of age, and is accompanied
by deficits in verbal learning and spatial memory that become more pronounced on harder
tasks (Archibald et al., 2001, Coles et al., 2011, Riikonen et al., 2005, Willoughby et al.,
2008).
1.3

The Hippocampus
The hippocampus is an area associated with spatial learning and memory that

undergoes major cell proliferation and development during the brain growth spurt, a period of
rapid brain growth occurring in the third trimester in humans (Dobbing and Sands, 1979).
This development of various regions of the brain follows a specific timeline of events evident
across many different species. However, the timing of this development as related to birth,
differs between them, as can be seen in Figure 2 (Dobbing and Sands, 1979). In the
hippocampus this process results in growth of the large neuronal population of Ammon’s horn
and neurogenesis of the small granule cells that are predominant in the dentate gyrus (DG).

4

Figure 2. The brain growth spurt of seven species with brain weight as a
percentage of adult brain weight per unit of time. Units of time for each species are:
guinea pig: days; rhesus monkey: 4 days; sheep: 5 days; pig: weeks; man: months;
rabbit: 2 days; rat: days. From Dobbing and Sands (1979).
As the structure and development of the hippocampus are disrupted by ethanol
exposure, tasks involving spatial learning and memory are affected in children with known
ethanol exposure during development. In children with FAS, greater impairment in place
learning tasks when performing a virtual Morris Water Maze (MWM) experiment has been
observed (Hamilton et al., 2003). Long term spatial memory impairments in object recall, and
visual-motor spatial tasks were also evident (Uecker and Nadel, 1996). During a spatial
working task in alcohol-exposed children, although performing similarly to controls, a higher
level of activity was found when blood oxygen levels were monitored suggesting that there
were functional deficits in this group compared to controls (Spadoni et al., 2009). Clearly
these studies reflect an impairment in hippocampal functioning, observable in spatial learning
and memory tasks, as a result of ethanol exposure during development.
The disruption of normal development to the hippocampus is an undesirable
detriment. Understanding this process as fully as possible is highly useful and animal models
are an effective tool in elucidating the effects of ethanol exposure on the developing brain.
These have been able to provide information on temporal aspects of hippocampal
vulnerability not able to be assessed in humans. Rats exposed to ethanol throughout gestation,
equivalent to the first and second trimester of brain development in humans, demonstrated
spatial learning and memory deficits, with a longer search duration and less efficient recall of
platform position in the MWM as compared to controls during both adolescence, early
5

adulthood (Postnatal Day (PN) 40-90) and at 16 months of age (Gianoulakis, 1990, Kim et al.,
1997). Rats exposed to ethanol over the same time period and tested at 60 days old also
showed deficits in spatial learning (Reyes et al., 1989). This was found in the radial arm maze
where the ethanol exposed animals failed to reach criterion, i.e. completing the task twice
without errors, or took twice as long to reach criterion as compared to control rats (Reyes et
al., 1989).
Interestingly, spatial learning and memory deficits also occur when ethanol exposure
is over much shorter periods of brain development. Rats subjected to a 35% ethanol derived
calorie diet for the last week of gestation only had delay-dependent spatial memory deficits in
the T-maze as young adults at PN38-44 and PN82-89 that were persistent to adulthood
(PN173-180) (Nagahara and Handa, 1997). At a thirty and sixty second delay, all ages
performed worse than controls but with a ten second delay only the young rats performed
badly, suggesting that memory retention problems resulting from ethanol exposure may lessen
with age (Nagahara and Handa, 1997). Impaired acquisition of platform location in the MWM
task, indicating a spatial mapping deficit was also found in rats exposed to ethanol during the
rat brain growth spurt on PN7 to PN9 (Johnson and Goodlett, 2002). Even a single day of
exposure during this vulnerable period on PN6 results in significant deficits in a delayed
matching to place task requiring spatial memory (Thomas et al., 2004). A single exposure
model on PN7 also resulted in spatial learning deficits tested in the MWM at one month old
once again suggesting that these deficits may lessen with age (Wozniak et al., 2004). These
studies demonstrate that in animals models exposure to ethanol, whether as a single binge or
for an extended period during brain development, can result in hippocampal damage that
manifests as clear deficits in spatial learning and memory.
1.4

Cells of the Hippocampus
The hippocampus is composed of the regions Ammon’s Horn, the dentate gyrus (DG),

the subiculum and the entorhinal cortex as seen in Figure 3. Ammon’s Horn is made up of the
areas CA1, CA2 and CA3 which all contain pyramidal neurons, with tightly packed,
somewhat smaller cell bodies in CA1, transitioning into CA2 then CA3, where the cell bodies
are larger and more widely spaced.
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Figure 3. Regions of the hippocampus; the Entorhinal Cortex (EC), Subiculum
(Sub), Ammon’s Horn (CA1 and CA3) and the Dentate Gyrus (DG). From Ramón y
Cajal (1909).
The cells of Ammon’s Horn develop and form connections in very specific patterns. In
rats, they are generated prenatally between gestational day (GD) 17-19 (Bayer, 1980) with the
distinctive curvature of this area forming at around GD21 (Bayer and Altman, 2004). The
dentate gyrus is made up of the much smaller granule cells that are densely packed. In rats,
these cells begin to form from around GD17 (Bayer, 1980) with the curve of this structure
resembling that of an adult brain at around PN7 although 40% of the total population has yet
to form (Bayer and Altman, 2004). Connections between the hippocampal cells also reflect
timing of development with the most proximal parts of the dendrites receiving input from the
youngest afferent fibres throughout the hippocampus (Bayer, 1980). Although done in rats,
this demonstrates that the development of the hippocampus follows a specific pattern. Clearly
interruption to this complex process would not be beneficial.
Animal model studies across a number of species have shown that the pyramidal cells
of the hippocampus are vulnerable to the effects of ethanol throughout gestation and during
the postnatal brain growth spurt. Rats at PN60 born to mothers fed a liquid diet containing
ethanol on GD10-21 (Barnes and Walker, 1981) and guinea pigs exposed to ethanol
throughout gestation and studied on PN1-12 (McGoey et al., 2003), both had significant
deficits in pyramidal cell numbers as compared to controls. Exposure to ethanol during the
postnatal brain growth spurt on multiple days between PN4-15 also resulted in cell deficits in
rats, investigated between PN10 to two years of age (Bonthius and West, 1990, Miki et al.,
2004). When exposure to ethanol occurs during the brain growth spurt but on PN7 only in a
binge like fashion, acute apoptotic cell death also occurs in the hippocampus resulting in
permanent cell deficits (Olney et al., 2002). Within the cells of the hippocampus, ethanol
exposure, irrespective to the timing of exposure, results in greater cell loss in the CA1 region
7

than either CA3 or DG suggesting that CA1 cells have an inherent susceptibility to the
neurotoxic effects of alcohol (Miller, 1995, Napper et al., 2008, Tran and Kelly, 2003). This
demonstrates a clear disruption to not only the cell number but implicates future repercussions
as the normal developmental process is disrupted.
1.5

Connections of the Hippocampus
Within the regions of the hippocampus there are numerous pathways of

communication. Ammon’s Horn receives input from a range of brain areas as well as
containing multiple pathways between the major cell populations of CA1, CA3 and the DG
(Blackstad, 1956). The CA1 region receives input from the thalamic nucleus (Herkenham,
2004), piriform cortex (Cragg, 1961) and the entorhinal cortex while the CA3 region receives
input from the entorhinal cortex and the DG (Gaarskjaer, 1978). Within the regions of the
hippocampus the mossy fibres or outputs of the granule cells in the DG synapse onto the CA3
pyramidal cells (Amaral and Dent, 2004). The axons from the CA3 cells, known as Schaffer
collaterals, then pass to the CA1 region synapsing on the pyramidal neurons (Andersen et al.,
1971). The CA1 is broken into various layers, seen in Figure 4, allowing the cells to receive
input from various regions. Above the pyramidal cell layer lies the stratum oriens, where
other cell types necessary for hippocampal function lie, while between the cells of the
pyramidal layer and dentate gyrus lies the stratum radiatum and lacunosum-moleculare layers
containing pyramidal cell dendrites where the Schaffer collaterals synapse.

Figure 4. Schematic showing the layered regions of CA1. Above the pyramidal
cell layer (Pr) lies the stratum oriens (OR) while between the cells of the pyramidal layer
and the dentate gyrus (DG) lies the stratum radiatum (Rad) and the lacunosummoleculare (LM). From Bhatnagari et al. (1997)
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Specialised projections from the cell body known as dendrites are the major site of
information transfer as this is where axonal spines and synapses form. Spines are a very
plastic part of the cell and undergo rapid changes in number and type as needed by the cell in
response to change. Such changes include increases in activity as in long-term potentiation
(LTP) resulting in an expansion of spines in the hippocampus (Lang et al., 2004, Park et al.,
2006), and decreases in activity associated with social isolation resulting in altered
proportions of spine types (Rollenhagen and Bischof, 1994). Different classes of spines can
be defined by their length, diameter and number of heads and diameter of the neck, seen in
Figure 5, which are thought to reflect individual spine function. Thin spines are those with a
neck diameter that is less than both the head diameter and the total spine length, mushroom
spines have a smaller neck than head diameter which is similar to spine length, stubby spines
are as long as the neck is wide and branched spines have more than one head (Harris et al.,
1992).

Figure 5. Different spine types found on hippocampal CA1 dendrites. dn is the
diameter of the neck, dh is the diameter of the head, h1 and h2 represent the head
number. From Harris et al. (1992).
The dendritic tree, including spines and the synapses located on these spines, of the
various cells within the hippocampus undergoes a refinement process where redundant
connections are removed in order to form a mature dendritic structure (Bayer and Altman,
2004). Within each brain region the number of primary branches leaving the cell soma is
established first, followed by dendritic growth and a process of dendrite extension and
branching that results in specific pattern characteristic of that particular cell type (Pokorný
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and Yamamoto, 1981a). Small cellular projections, known as filopodia, play a significant role
in this process as they form initial contact between cells during the first postnatal week of life
and decrease in number as dendritic spines increase (Fiala et al., 1998). This suggests that
they are precursors to the final number of connections as reached on PN24, including the
density of dendrites, axon terminals, spine density and axon-spine synapses which reach adult
numbers at this age (Pokorný and Yamamoto, 1981b). Filopodia are also thought to play a
role in the response of spines to increased activity, helping to remodel synaptic connections
later in life (Schätzle et al., 2011).
The sequence of the establishment of the CA1 pyramidal cell dendritic tree in rats
begins with development of the basal dendrites, main shaft and initial branches of apical
dendrites between PN5-10, followed by development of the more distal dendritic branches
between PN15-24 (Pokorný and Yamamoto, 1981a). This progressive development of the
dendritic tree appears to parallel the development of input to the CA1 cell and, therefore can
be changed quite drastically if input alters (Pokorný and Yamamoto, 1981b). In rats, the
number of spines on the CA1 pyramidal cell dendritic tree has also been found to double from
PN15 to PN40-70 (Harris et al., 1992). However, this is not uniform across all types with thin
spines, mushroom spines containing perforated post synaptic densities (PSDs) and spine
apparatuses, and branched spines increase 4-fold in density while stubby spines decrease by
more than half while mushroom spines with a macular PSD or dendritic shaft synapses show
no change (Harris et al., 1992). The size of these spines also changes from PN15 to 70, with
stubby spines getting smaller while mushroom spines become larger (Harris et al., 1992). This
demonstrates that the dendrites of CA1 of the hippocampus follow a complex pattern of
development and disruption to this process such as in ethanol exposure can have wide-ranging
effects.
A number of studies have found that exposure to ethanol during development can alter
the growth and development of the dendritic tree and its complement of synapses. The overall
length of the dendritic tree in pyramidal cells of the hippocampus is decreased with both in
vivo perinatal ethanol exposure, and in vitro exposure (Davies and Smith, 1981, Yanni and
Lindsley, 2000). Both the number of dendrites per cell and synapses per dendrite are affected
in cultured rat hippocampal neurons (Yanni and Lindsley, 2000) but changes in the dendritic
tree may be localized to only certain parts, as seen in the reduction of basilar dendrite length,
in CA1 pyramidal cells following perinatal ethanol exposure (refer to Figure 6) (Davies and
Smith, 1981). Spine type is also altered following ethanol exposure during development with
a decrease in the number of thin spines in the hippocampus of rat pups (Tarelo-Acuna et al.,
2000). Developmental ethanol exposure was also found to prevent the increase in dendritic
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spine density that is seen in control animals as a result of subsequent environmental
enrichment (Berman et al., 1996). It is clearly not only the complement of spines on a
dendritic tree, but the response of these spines to various inputs that is important for function
and on-going brain plasticity.

Figure 6. Drawings of dendrites from control mice showing maximal dendritic
arbour (A), mean total dendritic length (B) and the results of ethanol exposure resulting
in smaller and less developed dendritic arbour (C). From Davies and Smith (1981).
As few studies done have investigated the response of hippocampal dendrites to
ethanol during development, other regions of the brain may provide insight into how ethanol
may alter dendritic structure and thus connectivity within the CA1 region of the hippocampus.
In the prefrontal cortex (PFC) of rat pups exposed to ethanol both prenatally and postnatally, a
decrease in both length and number of basilar dendrites (Hamilton et al., 2010b) and spine
density occurred (Hamilton et al., 2010a, Whitcher and Klintsova, 2008), but there was no
change in the apical dendrites (Hamilton et al., 2010b). Interestingly however there was an
increase in dendrite length in the agranular insular region of the PFC (Hamilton et al., 2010a).
While in the visual cortex, ethanol exposure throughout gestation resulted in a decrease in the
number of dendritic spines on pyramidal neurons in layers V-VI (Cui et al., 2010). This
indicates that ethanol can selectivity alter brain areas, affecting some regions more than
others. It is clear from these studies that ethanol exposure can modify the overall extent of the
dendritic tree and alter the numbers and proportions of different spine types. As this is
variable across brain regions one cannot extrapolate from one region to another due to
temporal differences in development, further investigation of the structure of the dendritic tree
is essential to understand the structural basis of ethanol-induced behavioural changes.
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1.6

Tissue fixation
To investigate microscopic changes to brain structure, tissue must be preserved in a

state as close as possible to that seen in the living animal. Specific chemicals and procedures
are used to halt the on-going chemical reactions within and around cells and to stabilise their
membrane structure. Successful fixation can be hard to achieve as application of chemicals to
accomplish this can alter the tissue by removal of membrane proteins and rearrangement of
molecules (Volk et al., 2005) and may result in an alteration of dimensions of the tissue
(Hillman and Deutsch, 1978). Stabilisation of cellular membranes and ultra structural proteins
is vital to ensure the tissue remains structurally intact. An effective fixative will preserve
tissue with minimal changes to membrane structure of cells and their intracellular components
and extracellular space. Providing adequate fixation has been achieved the tissue can then be
used to investigate the structure and components of the brain region.
Methods of fixation are important to consider with immersion, freeze substitution and
perfusion techniques all being valid options depending on how the tissue is to be processed or
analysed afterwards. Immersion techniques are useful for structures that will maintain
integrity following interruption to the blood supply for a short period of time. This is because
they are removed from the animal, sectioned into very small pieces and immersed in the
fixative solution of choice. However, this can result in the outer layers of the structure only
being fixed if the tissue sections are not small enough or with poor fixation in the centre when
the tissue is vulnerable to anoxia (Beach et al., 1987). Freeze substitution involves rapidly
freezing the tissue then slowly substituting the ice with a chemical solution that will preserve
it (Feder and Sidman, 1958). It is considered that this method is able to fix tissue without the
changes that are the normal consequence of chemical fixation and thus it preserves tissue in
its most ‘life-like’ form. However because only the outer 15µm can be frozen without damage
the amount of tissue, especially in layered structures as seen in the brain, is limited (Cragg,
1980). Perfusion of the blood vascular system with a fixative solution is excellent for
preserving tissue in vivo, as it allows rapid delivery of fixative to all cells in the structure of
interest (Beach et al., 1987). This method produces a better outcome if the blood vascular
system is flushed clear of blood by a buffered solution, known as a prewash, prior to
perfusion with the fixing agent in a buffer. This technique was chosen for the current project
as it is the only way to adequately fix deep brain structures, such as the hippocampus, which
is very vulnerable to rapid post-mortem changes, for investigation using transmission electron
microscopy (TEM).
There are a number of fixatives that can be used for tissue fixation such as acrolein,
which preserves fine detail of tissue and is most ideally suited to immunohistochemistry
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(King et al., 1983), and permanganate which provides great preservation of cell components
but as it fixes membranes first, may result in intracellular components leaching out of the cell
(Luft, 1956). However, one of the best and longest used chemical fixatives for electron
microscopy is osmium tetroxide (OT) as it preserves cell shape and fine detail (Franke et al.,
1969). One downside to this chemical is that it penetrates tissues very slowly so it is more
commonly used as a secondary fixative, in combination with primary fixation by an aldehyde
(Sabatini et al., 1963). Aldehyde fixatives, either gluteraldehyde alone or a mixed aldehyde
solution of paraformaldehyde and gluteraldehyde, are combined with a buffer and perfused
through the tissue. The most common buffers used with these are phosphate buffers, as they
are the most similar to extracellular fluid and are non-toxic. However they can readily
develop a precipitate in the tissue and care must be taken to avoid this (Hendriks and
Eestermans, 1982, Louw et al., 1990). Cacodylate buffers are easy to prepare and don’t form
precipitates easily but are extremely toxic and are generally only used when there is no
adequate alternative (Dykstra and Reuss, 2003). Following fixation with an aldehyde and
buffer solution of choice, the tissue is then cut into smaller pieces, less than 1mm in at least
one dimension and placed in OT for further fixation. Whatever chemical fixative is used it is
important to be aware that both the pH and osmolality of the fixative can alter the quality of
fixation with extremes of either resulting in poor preservation of the tissue (Schultz and
Karlsson, 1965).
Fixation of nervous tissue can be difficult. Many factors can affect the final quality of
the fixed tissue including post-mortem interval (Shepherd et al., 2009), the pressure at which
the fixative is delivered and whether it is of constant or pulsatile flow. Peristaltic pumps allow
fluid to be delivered in a pulsatile manner, mimicking the pulsatile nature of the pumping
heart. These pumps can also be used at a higher pumping rate to ensure that although still
pulsatile, there is a continuous flow of fixative into the vascular system and hence tissue. If
the resulting pressure used with this is too high, the capillary walls will be distorted and
adjacent tissue will be damaged. Contrarily, if it is too low the tissue does not fix quickly
enough and alterations in the structure can result before it is preserved. However, it must be
high enough to overcome the blood brain barrier and allow the fixative to enter the brain
tissue.
The age of the brain tissue is also an important factor to consider when determining
what fixative to use. The brain of a young rat pup has more extracellular space (ECS) in the
cerebral cortex than an older brain (Sumi, 1969). This is also influenced by the presence and
density of cell bodies, as there is less ECS in areas of concentrated cell bodies compared to
where the neuronal neuropile is dominated by dendrites and axons (Sumi, 1969). It is difficult
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to maintain ECS during the fixation of brain tissue (Cragg, 1980, Rees et al., 1982) and thus
in a young brain with more ECS this becomes a problem that must be overcome to eliminate
excessive swelling of cellular processes into the volume of the ECS.
Different types and ages of tissue require different chemical combinations and
application techniques for optimal fixation. Thus, using previously established methods is a
useful strategy allowing researchers to optimally fix tissue samples with a reduced risk of
damage. Following this, certain structures can be used to identify successful fixation.
Numerous publications describe what are generally considered to be the cytological features
of optimal fixation in brain tissue samples fixed for transmission electron microscopy
(Hunziker et al., 1982, Kalt and Tandler, 1971, Mayrhofer, 1980). An indication that tissue
has been well fixed is that the structures within the tissue appear as described in previous
studies with well defined parallel membranes and no apparent swelling or dissention of
membranous structures. This is also apparent when many fine cyotplasmic structures such as
microtubules and neurofilaments are able to be identified. A range of different structures must
also be visible as they all have a different appearance and good fixation should maintain this
detail. Using these comparative methods, quality of fixation can be assessed. If it is found to
be adequate, further investigation of cellular details, such as dendritic structure, can be made.
If it is deemed non optimal, changes to many aspects of the procedure can be made. For this
reason it is important to understand the various factors that will affect final fixation quality.
1.7

Investigation of Dendritic Structure
Dendrites are generally long winding structures of decreasing diameter from proximal

to distal, and are thus difficult to investigate. They also contain organelles and have spines
and associated synapses that are much smaller in dimension than the dendrite itself. Finding a
technique that allows exploration of both the extent and cytological structure of dendrites is
difficult. Two techniques that can be used are Golgi staining and 3-D serial section
reconstruction. Golgi staining involves imaging a small number of cells and all their processes
including the dendritic spines, selected at random by the stain, in their entirety. This allows
detailed information about the dendritic form and spines to be obtained. However, only those
spines that protrude further than the dendritic diameter can be visualised and selection of
neurons and dendrites is done in a random manner by the stain. 3-D reconstruction, which
involves reconstructing 3-D images from a series of 2-D TEM images, allows specific
locations to be used and in depth investigation of finer detail to be done. It also allows all
spines along the length of a segment of a dendrite to be assessed. This method is considerably
more time consuming, but allows for greater, more specific detail to be investigated. This
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includes following a specific dendrite along it’s entire length to view both the overall makeup
and relationships with surrounding structures. This method has been pioneered in studies of
the hippocampus by Harris and Stevens (1989) and has also been used by other researchers
(Hinds and Hinds, 1972, McGuire et al., 1984) however to date is not a widely used
technique.
Three dimensional reconstruction allows a segment of a dendrite, its cytoplasmic
organelles and all associated spines to be viewed. This can be used to investigate spine
number and type and how they may change both over time and with an experimental
treatment. In a study on hippocampal CA1 pyramidal cells during development, the use of this
technique allowed previously established data, that synaptogenesis occurs at PN15, to be
linked to structural details, the lack of perforated and split spines seen at this time, to find that
spine splitting is not related to synaptogenesis but occurs when two separate synapses form
close together (Sorra et al., 1998). 3-D reconstruction has also been used to look at the
relationships between dendrites and surrounding cells such as astrocytes. Ventura and Harris
(1999) found that some hippocampal synapses have high numbers of astrocytes surrounding
them, and concluding that this physical proximity and the astrocytes role in mopping up
excess glutamate, indicated that these synapses use glutamate to communicate, as seen in
Figure 7.

Figure 7. 3D reconstructions demonstrating astrocytic profiles (blue), boutons
(green), spines (grey), and PSDs (red). Scale bars: 1 mm. From Ventura and Harris
(1999).
This technique has also been used to investigate how the structural relationships of
various cytological features such as PSD’s, mitochondria and synaptic vesicles may
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contribute to connectivity and efficiency of synaptic activation in hippocampal neurons.
Reconstruction of CA3-CA1 axons from the rat hippocampus revealed that presynaptic
neurons have localised differences in spine composition that determine differences in
metabolism and connectivity between different cells (Shepherd and Harris, 1998). It was also
found that a large spine head allowed contact by a larger presynaptic spine containing more
vesicles, which ensured the spine was more efficient, in that it made a greater contribution to
the depolarization of the than adjacent smaller spines (Harris and Stevens, 1989). 3-D
reconstruction data has also been combined with stimulation software to investigate synaptic
activity and concluded that thinner spine necks are more efficient at transferring charge from
the axon to the dendrite by preventing the diffusion of substances away from the spine (Harris
and Stevens, 1989). It was also used to show that pre- and post-synaptic co-activation
influences spine morphology as when multiple dendrites synapsing on one cell are from
different cells they have different strengths reflected in their volume and the size of the PSD,
but when they are from the same cell, the connections are similar (Sorra and Harris, 1993).
These studies undoubtedly demonstrate the power of 3-D reconstruction as a tool to
investigate the structure and relationships of minute cellular elements. From these we can see
that it is clearly a particularly useful method with which to investigate dendritic structure.
1.8

The Proposed Project
Both humans and animals exposed to ethanol during brain development, although able

to achieve the same level of performance on some tasks as controls, do so with decreased
efficiency. This is evidenced by an increase in time and learning trials to reach a satisfactory
level of performance. It has also been shown that on a hippocampal related task, although
ethanol affected individuals are able to perform the task adequately, the brain has to work
harder, as seen in brain energy-use studies (Spadoni et al., 2009). It has been established that
ethanol exposure during development decreases the number of CA1 cells in the hippocampus
while CA3 numbers are not significantly affected (Miller, 1995, Napper et al., 2008, Tran and
Kelly, 2003). An imbalance in the ratio of CA3 to CA1 neurons suggests that the synapses
between these cells will have been altered and will contribute to the functional deficits on
hippocampal based tasks. In the present study, rat pups were exposed to a PN6 binge like
ethanol exposure then PN6, PN8 and PN26-30 brain tissue were selected for analysis. These
ages were expected to reveal any changes seen in the dendritic structure immediately
following exposure, 48 hours later to investigate how the brain compensates for ethanol
induced cell loss and at the beginning of adolescence when brain development is mostly
completed to assess how the brain has adapted to the changes long term. This time point was
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chosen rather than early adulthood, e.g. PN60, as we wished to determine if there were any
changes at the end of the intense period of brain development that occurs from birth through
the first 4 weeks of neonatal life. At PN26-30 the essential connections of the mature brain
have been established but considerable development continues during adolescence around PN
28 – 52 (Spear, 2004). Knowledge of brain structure pre the adolescent growth period would
allow further investigation of naturally occurring amelioration of brain damage but also would
allow intervention strategies to be applied during the adolescent period of brain plasticity. It is
worth noting that the majority of the studies looking at therapeutic intervention apply
interventions during the post weaning early adolescent period but do not provide information
on the structure of the brain prior to intervention.
It was hypothesised that 12 hours after ethanol exposure on PN6 there would be a
decrease in the numbers of spines and therefore synapses and mitochondrial volume fraction
due to stress on the neurons causing activation of anti-apoptotic processes and retraction of
spines to conserve energy. On PN8 it was hypothesised that the tissue would have had time to
compensate for cell loss so there would be an increase in the number of spines and synapses
and volume fraction of mitochondria per unit length of dendrite. This was expected to be
accompanied by a decrease in overall dendrite length as had been found previously in the
ethanol treated animals compared to controls. At PN26-30 it was hypothesised that the
increases in spines, synapses and mitochondria and decreases in dendritic length detected at
PN8 would still be present.
Overall project aim; This project aimed to investigate the dendritic structure of
hippocampal CA1 pyramidal cells to help elucidate the structural changes that underlie
reduced performance on hippocampal tasks in rats exposed to ethanol during development.
Specific aim one; Establish effective tissue fixation methods for PN6-8 and PN2630
rat brain tissue. It was hypothesised that younger tissue would require a different fixative
procedure due to the greater amount of ECS present.
Specific aim two; To use 3-D reconstruction methods to investigate the structure of
CA1 pyramidal cell spiny dendrites and associated synapses in the outer one third of the
stratum radiatum both as a result of normal development and following a single binge-like
exposure to ethanol on PN6.
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2 METHODS
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2.1

Animals
The animals used were Long Evans rats bred in the University of Otago Breeding Unit

(Taieri). They were time-mated overnight with success indicated by the presence of a vaginal
plug the following morning, designated gestational day (GD) 0. Following this, the dams
were transported to the Hercus building at the University of Otago on GD17, and housed
individually under a 12 hour light/dark cycle with free access to water and pellet food. On
approximately GD22, parturition occurred, becoming postnatal day (PN) 0. On PN6, pups
were sexed according to ano-genital distance and were culled or cross fostered so each litter
had n=10 to 12 animals. The pups were randomly assigned to treatment groups with at least
one female and one male from each litter in each group. The treatment groups, as seen in
Figure 8, were ethanol-exposed (6g/kg), that received a 6.0g/kg of body weight ethanol dose,
intubation control (IC) that received the same handling as the ethanol pups but no ethanol
administration and suckle control (SC) which were removed from the mother alongside the
rest of the pups but received no other additional treatment. The pups were marked with
permanent marker pen for identification and weighed daily.

Figure 8. Treatment groups of ethanol treated litters showing ethanol exposed
animals (6g/kg), intubation control animals (IC) and suckle control animals (SC).

2.2

Ethanol Treatment
The dose of ethanol in milk solution to be administered was calculated at a volume of

1/3 of the pups body weight (see appendix 6.1) on that day. The doses were given via gastric
intubation as two separate deliveries, two hours apart. The intubation tube consisted of a 1mL
syringe with a 22 gauge needle that had a length of around 20cm of PE-50 and around 10cm
of PE-10 tubing attached as seen in Figure 9. The end of the PE-10 tubing was cut on an angle
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and briefly passed through a flame to round off the cut edge so that it did not damage the oral
cavity or oesophagus during intubation. These tubes were stored in isopropyl alcohol and
flushed out with tap water before use as well as between delivery of each milk solution.
Syringe

22g needle

20cm PE-50

10cm PE-10

Figure 9. Intubation tube set up used to intubate animals.
Prior to intubation, all pups were removed from the dam as a litter and kept warm in a
fleece lined container placed on an animal heating pad. The intubation tube was marked with
the distance from mouth to stomach before intubations began, judged by the distance from the
mouth to the milk spot on the abdomen of the pups. The syringe was filled with warm milk
solution containing ethanol, and the tip of the tube was then dipped into corn oil to provide
lubrication as it was passed over the tongue, down the oesophagus and into the stomach of the
pup. The pup was held gently by the shoulders and suspended to ensure the oesophagus was
straight while the tube was inserted. The milk was delivered slowly into the stomach with the
pup lying on its side, see Figure 10. The IC pups received the same treatment except the tube
was simply held in place for around 5 seconds without any fluid being delivered. The SC pups
were not handled except for weighing. The pups were held in the warm, polar fleece lined
holding box after individual treatment and the entire litter was returned to the mother. Two
hours later this procedure was repeated with a second dose of ethanol.

Figure 10. Pup being held while milk is delivered following insertion of tubing
down to the stomach (Photo courtesy of Ruth Napper, 2011).
Every 4-6 hours following this for the next 24 hours the 6g/kg pups were given top up
feeds with milk solution only and the IC animals were given sham intubations. The dose
given was based on how empty the pups stomach was and was judged by eye till the milk spot
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on the stomach of the pup became clearly visible indicating the stomach was full. In most
cases the volume given was close to that of the initial intubation volume. If the pup appeared
to be full before intubation it was assumed that it had resumed normal suckling from the dam
and was no longer given extra feeds. However, all pups except for SC animals were still
intubated up to the 24 hour mark to keep the handling procedure the same.
2.3

Blood Ethanol Concentration
Two hours after the second ethanol dose was administered a blood sample was taken

via the tail tip method to measure the peak blood ethanol concentration (BEC) in all pups
except the SC animals. The whole litter was removed from the mother and one by one a very
small piece was cut from the tip of the tail with a sharp scalpel blade, and the blood massaged
down the tail to collect 20µL in a heparinized capillary tube. A small amount of pressure was
applied to the tip of that tail to stop any bleeding and the pup placed back into the warmed
holding box. The blood was ejected into eppendorf tubes containing a preservative and
internal standard then stored in a fridge until it could be analysed. When all 6g/kg and IC pups
had been sampled, the litter was placed back with the mother. BEC was later determined by
gas chromatography by ESR Forensic (Lower Hutt, New Zealand).
2.4

Perfusions.
Animals were anesthetized on PN6-8 or PN26-30, with an intra peritoneal injection of

sodium pentobarbitone (100mg/kg). When the withdrawal reflex test tested with a toe pinch,
was absent, the animal was considered to be under deep surgical anaesthesia. The animal was
then perfused transcardially via a peristaltic pump. A prewash solution of 1x phosphate
buffered saline with heparin (Napper prewash) or Harris prewash (see appendix 6.2) was
perfused for 30 seconds, followed by a gluteraldehyde-paraformaldehyde fixative in buffer for
around 15 minutes. Due to different compositions of the brains at the two ages, different
protocols were followed at each age. The younger animals were perfused with a fixative of a
lower aldehyde concentration in 0.1M phosphate buffer at a lower pressure. Older animals
were perfused with a fixative of a higher aldehyde concentration in cacodylate buffer at a
perfusion higher pressure (appendix 6.2 for recipes and 6.3 for specific details of each
perfusion). See section 3 for further details on how fixation of the tissue was optimised for
each age.
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2.5

Tissue Processing for Transmission Electron Microscopy
Following perfusion, the animals were decapitated and the skull was cut away,

beginning at the brainstem and moving rostrally. The brain was then taken out of the skull and
immersed in fixative for 24 hours. Following post-fixation, the cerebellum and brain stem
were cut away and the forebrain was sectioned down the midline. The midbrain structures
were removed to reveal the hippocampus of the right side of the brain. This was taken out and
sliced into transverse sections no thicker that 1mm. Post fixation processing and tissue
embedding was done by staff in the Otago University Centre for Electron Microscopy (see
appendix 6.4 for details). Tissue was flat embedded in Beem capsules so that sections could
be taken along the transverse axis of the hippocampus. These individual sections of the
hippocampus or ‘blocks’ were coded for identification using PNX-Y where X is the age of the
animal in days and Y is the number of the animal (from 1-16 depending on the number of
animals used). This code is used for all animals except some used specifically for perfusion
trials designated Pt(Y) where Y is the number of the animal between 1 and 10. All perfusion
trial animals were 8 days old.
Blocks containing sections of the hippocampus were selected at random and several
semi-thin sections were cut using a rotary microtome (Reichert-Jung, Ulracut E) set to cut at
1µm, using a glass knife. Sections were then mounted on glass slides and stained with
Methylene Blue. These sections were viewed under the light microscope to identify the
hippocampal regions CA1, CA3 and the Dentate Gyrus (DG) as seen in Figure 11.

Figure 11. Section of the hippocampus showing the CA1, CA3 and DG region. ‘A’
indicates the area of interest including the CA1 pyramidal cell layer and the stratum
radiatum where the blocks were trimmed down for serial section cutting. In this section,
only the superior limb of the DG and part of CA3 are visible due to the angle of
embedding.
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The tissue blocks were trimmed to a trapezium containing only the CA1 region and
ultra thin sections were then cut on a rotary microtome fitted with a diamond knife (Diatome,
Ultra 45o) set to cut at 70-75nm thick. These sections were then stained with uranyl acetate
for 20 minutes at 25oC and lead citrate for 3 minutes at 25oC using an LKB 2168 Ultrostain
grid stainer (LKB-Produkter AB, Bromma, Sweden) prior to viewing in the transmission
electron microscope (TEM) (Philips CM100).
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3 FIXATION
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Optimisation of fixation of tissue for transmission electron microscope (TEM)
analysis is a highly important process as without this the resulting tissue can vary greatly
between specimens and damage through fixation can lead to an incorrect interpretation of
results (Koksal et al., 2005). Various factors contribute to how well tissue is fixed including
fixation chemicals used, their temperature and how long the tissue is exposed to them, how
the fixative is delivered to the tissue and the age of the tissue to be processed. Once the tissue
has been fixed, there are key components that help to identify the quality of fixation. The
structure of cell and nuclear membranes, endoplasmic reticulum (ER), mitochondria, Golgi
bodies and the ultrastructural appearance of cellular processes such as dendrites. The
appearance of extra cellular space and chromatin of the nucleus can also be used to examine
the effectiveness of fixation.
In the current experiment, ages postnatal day (PN) 6, PN8 and PN26-30 were selected
to examine rat hippocampal tissue immediately following ethanol exposure, a few days later
to allow for recovery and to begin to compensate for cell loss and at an older age to allow the
brain to adapt to these changes. In this section, control studies were done at these ages to
ensure fixation of the tissue would be optimal before ethanol treatment was undertaken.
3.1

Methods
Previously established methods were utilised with the chemical concentrations,

pressures and durations appropriate for the age of the animal used to fix the brain tissue. A
single block of tissue obtained from the hippocampus of each animal is indicative of the
general state of fixation, therefore only one block per animal was used to assess fixation
quality. After tissue processing, blocks were trimmed to contain the CA1 cell bodies and
entire depth occupied by apical dendrites of CA1 pyramidal cell neurons. Approximately 6
ultrathin (90nm) sections were cut (as described in section 2.5) from each block. Images of
the pyramidal cell body and regions spanning the full apical dendritic layer of the CA1 region
of the hippocampus, as demonstrated in Figure 12, were then photographed from one of these
sections for assessment of fixation quality. These were taken at low (2500x) magnification to
investigate the overall appearance of the tissue and a higher (13500x) magnification to closely
inspect some of the cellular components that were affected.
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Figure 12. Layers of CA1 of the hippocampus. Photos to review fixation were
taken from cell body region (A) and Stratum Radiatum containing dendrites (B).
Adapted from Bhatnagari et al. (1997).
Different aspects of the tissue were assessed to identify any damage within the tissue
and determine the quality of fixation. Endoplasmic reticulum is an organelle made up of tubes
of varying lengths. At higher magnification this can be identified as smooth (SER) or rough
ER (RER) by the absence or presence of ribosomes respectively on the outer membrane of the
ER. Damage to the ER is detected by swelling that results in large clear spaces contained
between the membranes. Mitochondria, oval to cylindrical organelles with a highly folded
inner membrane forming cristae, were also important components to be assessed. Damage to
these organelles was indicated by large spaces between the normally tightly packed cristae.
Golgi bodies are organelles made of stacked membranes with vesicles present at both the cis
and trans face with some newly formed vesicles leaving the stack of membranes at its lateral
surface to join the large number of transport vesicles seen at the trans or leaving face.
Investigation of these to find large non uniform gaps between membranes indicated swelling
and damage, as did enlarged vesicles. Another factor that was evaluated was the appearance
of the cell and nuclear membranes. Damage to these was indicated by either disruption to the
membrane resulting in large unusual gaps or large spaces between the two layers indicating
swelling.
Extracellular space (ECS) was identified at low magnification as clear areas
containing no organelles but occupying an irregular defined space bound by a membrane of
the surrounding structures. It is known that there is a lot of this in younger tissue but not much
in older so this had to be taken into account when the tissue was analysed. In the younger
tissue where this was present a lack of ECS indicated damage as processes had swelled to
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obliterate the ECS. Cellular processes, usually dendrites, normally present as large, lightly
stained regions contained within a membrane were another aspect investigated for damage.
Normally, these contain spots or lines indicating the presence of microtubules in either cross
or longitudinally sectioned dendrites respectively, and much larger darkly stained
mitochondria. Damage to these would be seen where the membrane surrounding them was
broken or the microtubules inside were disrupted resulting in large clear spaces. This was
differentiated from ECS by the presence of remnants of microtubules rather than just
completely clear space.
Chromatin, the DNA and proteins in the cell nucleus, was another factor evaluated for
damage. This was expected to appear uniformly within the nuclei of the younger tissue as the
cells are highly active at this age. This is because considerable proteins synthesis would be
occurring to support the intense growth of the cell meaning the chromatin was present as
euchromatin. In more mature tissue it was expected that some chromatin would appear as
condensed clumps around the outer perimeter of the nucleus as it was packaged away and not
being used. This substance helped to indicate how well the structural components of the
nucleus of the cell were fixed in place with areas of lighter appearance throughout the nucleus
indicating the chromatin had been washed out.
Investigation of all these components was required to asses the overall quality of
fixation. Very minimal to no damage as detected across these various elements was required
for the tissue to be deemed optimally fixed and used for subsequent experiments.
3.2

PN6-8 tissue

3.2.1 PN6 Methods
To fix younger tissue, previously established methods using Napper prewash and
fixative (see appendix 6.2 for recipes) were applied. The duration of fixation was kept at
around 30 seconds for prewash and 12 minutes for the fixative mixture. Normally the
perfusion tubing would contain a volume that would take considerably longer than 30 seconds
to clear, so the distal portion of the tubing was filled with prewash and the remainder with
fixative to ensure that only 30 seconds of prewash solution occupied the tube. As this was
done immediately prior to perfusion there would have been minimal mixing of the solutions.
3.2.2 PN6 Results
A summary of the results of fixation are shown in images of tissue processed at PN6
and PN8 and show the overall poor quality of fixation. A low power (2500x magnification)
shot of the cellular layer in a PN6 animal can be seen in Figure 13.
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Figure 13. Tissue from the CA1 pyramidal cell layer of animal PN6-4 at 2500x magnification. A. swollen ER; B. swollen processes; C.
lack of ECS indicating swelling; D. damaged cell cytoplasm; E. area of higher magnification seen in Figure 15.
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Figures 13, 15 and 16 reveal that in animal PN6-4 there was some degree of damage
as a result of inadequate perfusion. This is seen as clear spaces and membrane disruptions in
the ER and the cellular processes as a result of swelling. Regarding the ECS we can see that
the amount of space has decreased as compared to normal ECS as seen in Figure 14 .

Figure 14. Tissue from the CA1 cellular layer showing normal ECS. Photo taken
from animal PN6-3 at 2500x magnification.

To more closely examine damage to the tissue, higher power (13500x magnification)
images of the same region were taken. This can be seen in Figure 15.
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Figure 15. Tissue from the CA1 pyramidal cell layer of animal PN6-4 at 13500x magnification showing two cell nuclei and the
surrounding environment. A. damaged mitochondrion; B. normal Golgi body; C. Swollen RER; D. normal nuclear membrane; E. patchy
chromatin indicating poor fixation; F. normal chromatin; G. normal cell membrane; H. disrupted cell membrane.
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Figure 15 shows that there is damage to the tissue at the cellular level seen in damaged
mitochondria and RER. However there are also components that are fixed well such as the
nuclear membranes. Interestingly, when looking at the cell membrane there are areas where it
looks normal and areas where it is damaged. This is also seen in the appearance of the
chromatin with one cell appearing to be normal while the other has patchy chromatin. This
suggests that not only can different organelles and components of the tissue be fixed
differently but that for one particular organelle some individual objects, or some parts can be
adequately fixed while others are damaged.
Another area of interest assessed when looking at the quality of fixation was the apical
dendrite layer. Lower power shots of this tissue were not included as due to the poor quality
of fixation and the age of the tissue not a lot of detail was able to be seen. Instead high power
(13500x magnification) shots of this tissue were used as seen in Figure 16.
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Figure 16. Tissue from the CA1 dendritic layer of animal PN6-4 at 13500x magnification. A. slightly damaged mitochondrion with
minor swelling; B. a large amount of ECS which is expected; C. normal processes; D. processes with intact membrane but washed out interior.

	
  

	
  

	
   32	
  

In Figure 16 we can see variable fixation in cellular processes with some being well
fixed and others damaged. However it is possible that there are processes from different cells
that have different sensitivities to fixative conditions. There is a normal appearance of ECS
which seemed to be damaged at the cellular layer which is an interesting difference. We also
see slight damage in the mitochondria which was seen in the cell layer as well. The damage
may be less here as the dendritic mitochondria are under less metabolic stress than in the
soma where protein synthesis will be occurring at high levels. Overall these images help to
show that different areas of the tissue respond differently to fixation and reinforce the idea
that different components of the tissue are fixed differentially with some remaining intact
while others are swollen and badly damaged.
3.2.3 PN6 discussion
These results show that none of the tissue at this age was optimally fixed. There was a
large amount of variability in quality of fixation within the samples with some regions being
better fixed than others. However, all samples displayed damage that rendered the tissue
unusable. Clearly the methods used here were not ideal so a trial was set up to use another
previously established method. Due to time constraints it was proposed that focusing on PN8
tissue only, taken 48 hours after the planned ethanol exposure, would be more instructive with
respect to the pyramidal cell response to alcohol so this was the time point that was focused
on.
3.2.4 PN8 methods
Following investigation of the PN6 tissue resulting in non optimal fixation, a perfusion
trial was undertaken with PN8 animals using different fixatives and prewash. A Harris
prewash was used for all animals and Harris and Napper fixatives (recipes can be found in
appendix 6.2) were compared to investigate if the different concentration of chemicals would
alter fixation.
3.2.5 PN8 results
Representative results showing the outcome of both the Napper and Harris fixatives on
PN8 tissue are seen in animal Pt6 which was perfused with the Harris fixative and Pt8 which
was perfused with the Napper fixative. Low power (2500x magnification) shots of the cellular
layer in these animals can be seen in Figures 17 and 18.
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Figure 17. Tissue from the CA1 pyramidal cell layer of animal Pt6 at 2500x magnification. A. swollen ER; B. swollen processes; C. area
with lack of ECS indicating swelling; D. area of higher magnification seen in Figure 19. Note that as these images are at a low magnification
and include a diverse range of cellular elements the contrast of the image is low. This however is as illustrative image and does not impact on
showing the main features indicated.
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Figure 18. Tissue from the CA1 pyramidal cell layer of animal Pt8 at 2500x magnification. A. swollen ER; B. swollen processes; C. area
with a lack of ECS indicating swelling; D. area of higher magnification seen in Figure 20.
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Figures 17 and 18 show that neither fixative resulted in very good preservation of the
tissue. Swelling can be seen in the cellular processes of both animals which has led to a
reduction in ECS in both Pt6 and Pt8. There is also some ER swelling although at low power
the extent of this cannot be determined. More specific damage can be seen more clearly in
Figures 19 and 20 which were taken at a higher magnification of 13500x allowing more
detailed investigation of organelles.
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*

Figure 19. Tissue from the CA1 pyramidal cell layer of animal Pt6 at 13500x magnification. A. damaged mitochondrion; B normal
mitochondrion (note, both damaged and normal mitochondria occur within the soma of the same cell) ; C. normal Golgi body; D. swollen
RER; E. normal nuclear membrane; F. swollen process leading to obliteration of ECS ( normal ECS indicated by *).
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Figure 20. Tissue from the CA1 pyramidal cell layer of animal Pt8 at 13500x magnification. A. normal mitochondrion; B. damaged
mitochondrion; C. normal RER; D. normal membrane; E. swollen process leading to obliteration of ECS (normal ECS indicated by *).
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Figures 19 and 20, which show more details in the tissue and organelles, reveal that in
both animals there was variability in the fixation of the various components. Both contained
mitochondria that were both well and badly fixed. They also both contained normal Golgi
bodies and nuclear membranes. However there was damaged ECS due to swelling of cellular
processes in both animals. There was a difference in the quality of fixation of the RER with
swelling occurring in the Pt6 animal but not in the Pt8 animal. This helps to reinforce the
concept that was discovered in the PN6 animals that there is a huge amount of variability in
the fixation of parts of the tissue with some organelles fixing better than others, but also with
each component displaying huge variability of fixation.
Another region of interest to be investigated is the dendritic layer. Once again, low
power shots of this tissue were not included due to the lack of information that could be
gained from them. High power shots taken at 13500x magnification can be seen in Figures 21
and 22 and were used as they are able to reveal more detail.
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Figure 21. Tissue from the CA1 dendritic layer of animal Pt6 at 13500x magnification. A. normal mitochondrion; B. normal process; C.
damaged process, most likely due to swelling indicated by the absence of longitudinally sectioned microtubules visible in the lower portion of
the process.
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Figure 22. Tissue from the CA1 dendritic layer of animal Pt8 at 13500x magnification. A. normal mitochondria; B. normal process cut
longitudinally; C. damaged process most likely due to swelling indicated by the absence of longitudinally sectioned microtubules that give the
overall stripped appearance to dendrites.
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Figures 21 and 22, show that the mitochondria in the dendritic layer of both animals
was well fixed but that there was a large amount of variability in the preservation of cellular
processes. Both tissue samples displayed examples of well fixed and damaged constituents.
This helps to demonstrate once again that that there is large variability in the quality of
fixation both between regions of the tissue and in different components.
3.2.6 PN8 discussion
Overall, these images indicate that tissue from young rats is difficult to fix, with
previously established methods resulting in damage to the tissue, regardless of specific
chemical composition and concentration differences. Because there were similar levels of
damage in this tissue between the different fixatives used as well as when compared to the
PN6 tissue, the type of fixation is likely not the cause of the damage. Therefore, the problems
we are observing must be due to other factors.
Because of time constraints, further investigation of how to optimise the fixation of
tissue at this age was not able to be done. Instead the early adolescent time period (PN26-30)
was focused on as this age would be used for dendritic reconstruction to assess the impact of
ethanol on CA1 pyramidal cells.
3.3

PN26-30

3.3.1 PN30 methods
The PN30 tissue was processed using previously established methods with Napper
Prewash and Harris Fix (recipes are detailed in appendix 6.2). This tissue is different to that of
a PN6 or PN8 animal, mainly in the composition of the tissue with a higher lipid and lower
water content and less ECS, meaning it requires slightly different processing. For this reason
the duration of chemical exposure was longer; around 30s for prewash and 25 minutes for
fixative.
3.3.2 PN30 results
Low power (2500x magnification) shots of the cellular layer in animals PN30-4 and
PN30-3 in Figures 23 and 24 demonstrate what was seen in tissue deemed well fixed and non
optimally fixed respectively at PN30. As this has a different composition to the PN6 tissue
this had to be assessed slightly differently but most of the membranes, organelles and other
components were evaluated in the same manner.
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Figure 23. Tissue from the CA1 pyramidal cell layer of animal PN30-4 at 2500x magnification. A. ER with no swelling; B. normal
mitochondria; C. normal process indicated by pale staining characteristic of microtubules and neurofilaments; D. normal looking area of
ECS; E. chromatin appears normal; F. Area of higher magnification seen in Figure 25.
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Figure 24. Tissue from the CA1 pyramidal cell layer of animal PN30-3 at 2500x magnification. A. swollen ER; B. mitochondria with
slight swelling; C swollen process; D. normal processes; E. area of normal ECS; F. abnormal clumped chromatin; G. area of higher
magnification seen in Figure 26.
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In Figure 23 we can see that the PN30-4 tissue appears to be well fixed as it does not
contain swelling or other features indicating damage. The PN30-3 tissue on the other hand,
seen in Figure 24 shows swelling in the ER, mitochondria, and some processes as well as
abnormally clumped chromatin. There are also some aspects that appear to be well fixed such
as the ECS and some processes. This indicates that there is a higher chance of success of
optimal fixation in this tissue with some specimens able to be used for future analysis.
However, in the non optimally fixed tissue we also see selectivity of components with some
organelles fixed well while others are quite badly damaged, reflecting what was seen in the
younger tissue. From these low power shots we can see that PN30-4 appears to be fixed to a
much better quality then PN30-3. Investigation of the aspects that indicated good fixation at
higher magnification (13500x) can be seen in Figure 25 and 26.
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Figure 25. Tissue from the CA1 pyramidal cell layer of animal PN30-4 at 13500x magnification. A. normal mitochondria; B. normal
Golgi body; C. normal RER; D. normal nuclear membrane; E. normal chromatin.
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Figure 26. Tissue from the CA1 pyramidal cell layer of animal PN30-3 at 13500x magnification. A. normal mitochondria; B. damaged
mitochondria; C. normal Golgi Body; D. swollen RER; E. damaged nuclear membrane indicated by increased space separating membranes;
F. washed out chromatin.
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Figures 25 demonstrates that at higher magnification the PN30-4 tissue displays
characteristics of good fixation with a lack of swelling or damage to any of the cellular
components. However, in the PN30-3 tissue, seen in Figure 26, we can see swelling of the
mitochondria, RER, and nuclear membrane as well as abnormal chromatin, supporting the
assessment of bad fixation. Once again however we can see that some aspects of the tissue are
fixed well, such as some of the mitochondria and the Golgi bodies, while others are damaged.
This again reflects that while tissue can be damaged overall following fixation some aspects
can remain intact.
The dendritic layer of this tissue is also an important area to view when investigating
the fixation as this is made up of different components, containing more cellular processes
and no cell bodies, and may fix differently. Figures 27 and 28 show low magnification
(2500x) shots of PN30-3 and PN30-4 tissue in the dendritic layer.
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Figure 27. Tissue from the CA1 dendritic layer of animal PN30-4 at 2500x magnification. A. normal mitochondrion; B. normal
dendrite cut longitudinally; C. normal dendrite cut in cross section; D. area of higher magnification seen in Figure 29.
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Figure 28. Tissue from the CA1 dendritic layer of animal PN30-3 at 2500x magnification. A. damaged mitochondria; B. dendrite cut
longitudinally which appears more patchy indicating suggesting some swelling; C. swollen dendrite cut in cross-section; D. area of higher
magnification seen in Figure 30.
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Figures 27 and 28 display that the PN30-4 tissue appears to be well fixed while the
PN30-3 tissue shows some damage in the dendritic area. There are damaged mitochondria and
swollen dendrites in the tissue from animal PN30-3 that aren’t present in the PN30-4 tissue.
The less uniform appearance of the dendrites in Figure 28 suggest a disruption of
microtubules and neurofilaments indicative of some swelling. However, to be able to fully
analyse differences between the quality of fixation higher magnification (13500x) shots are
needed, which can be seen in Figure 29 and 30.
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Figure 29. Tissue from the CA1 dendritic layer of animal PN30-4 at 13500x magnification. A. normal mitochondria; B. normal dendrite
cut longitudinally clearly demonstrating microtubules in longitudinal appearance; C. normal dendrite in cross section. Note the specialised
synaptic membranes are very distinct (indicated by )
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Figure 30. Tissue from the CA1 dendritic layer of animal PN30-3 at 13500x magnification. A. normal mitochondria; B. damaged
dendrite in cross-section; C. normal dendrite in cross section; D. cell processed that appear swollen due to lack of microtubules and
neurofilaments. Note the specialised synaptic membranes are very distinct and remain intact despite damage to surrounding tissue (indicated
by )
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Figures 29 and 30 reinforce what is seen at lower power, that the mitochondria and
dendrites of PN30-3 are less well fixed resulting in swelling and damage while the PN30-4
tissue appears to be well fixed with intact components. These samples help to show that while
some of the PN30 tissue appears to have been fixed well, there are still samples that are fixed
poorly. They also help to show that in badly fixed tissue, there can be selectivity in what is
damaged and what remains intact. This can be seen in Figure 31 which shows an intact
synapse, surrounded by damaged processes. It is important to note that in these examples
(Figures 29, 30 and 31) the synaptic membrane specialisations are very distinct and appear to
be a component of the neurons that is consistently well fixed. This is likely due to the
intramembranous proteins that occur in the specialised membrane being securely anchored
and thus assisting in maintaining the integrity of the synapses when overall fixation quality is
less than optimal.
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Figure 31. Tissue at 46000x magnification demonstrating an intact spine with a synapse (A) on a swollen dendrite (B).
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3.3.3 PN30 discussion
While some of the tissue processed at PN30 was useable for dendritic reconstruction,
results were still variable with other samples displaying large amounts of damage.
Optimisation of fixation in the tissue of all specimens was required to be able to use adequate
samples for dendritic reconstruction. It was hypothesised that increasing the rotation speed of
the peristaltic pump and hence maintaining constant fixative exposure with variable pressure,
would improve the success rate of fixation. Perfusions carried out previously in the Napper
lab had used a constant pressure method of delivery and the results had been overall
satisfactory but this equipment was not available for this project. It must be noted however
that the previous studies had also used mature animals where brain tissue is generally easier to
fix to a higher quality. This can also be seen in published images by experts in the field where
PN15 tissue shows some signs of poor quality fixation not seen in tissue from adult animals
(Harris et al., 1992).
3.3.4 PN26 methods
Due to time constraints PN26 animals rather than PN30 were used. The tissue does not
differ greatly between these two ages in terms of composition, as it does at a younger age, so
this tissue is still representative of the time point we wished to investigate. To increase the
occurrence of well fixed tissue at this time point, fixatives that had been used successfully on
this age of tissue prior, the Harris prewash and an adjusted Napper fix (see appendix 6.2 for
recipes, and 6.3 for adjustments), were used with the rotation speed of the peristaltic pump set
higher than previous experiments. This was to ensure the flow was constant, with varying
pressure, rather than the stop go flow that had previously been used.
3.3.5 PN26 results
Representative images of the PN26 tissue can be seen below. In Figure 32 a low
power shot (2500x magnification) of the cellular layer of the CA1 cells of the hippocampus of
animal PN26-8 demonstrates the quality of fixation in this tissue.
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Figure 32. Tissue from the CA1 pyramidal cell layer of animal PN26-8 at 2500x magnification. Although the quality of organelles is
difficult to see at this magnification there appears to be in A. normal ER; B. normal mitochondria; C. normal process; D. normal ECS; E.
normal chromatin; F. area of higher magnification seen in Figure 33. Note that there is minimal ECS which is typical of fixed brain tissue of
animals at this age.
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From Figure 32 we can see that the aspects of the tissue used to asses fixation,
mitochondria, ER, ECS, chromatin and cellular processes all appear to be well fixed with no
obvious swelling or damage. This was apparent across all tissue samples at this age indicating
that increasing the rotation speed of the peristaltic pump was the key factor in ensuring that
the tissue was well fixed. As previous, more detail of the tissue could be seen at 13500x
magnification and is displayed in Figure 33.
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Figure 33. Tissue from the CA1 pyramidal cell layer of animal PN26-8 at 13500x magnification. A. normal mitochondria; B. normal
Golgi body; C. normal RER. D. normal nuclear membrane; E. normal chromatin; F. normal cell membrane.
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Figure 33 demonstrates that the aspects of the tissue that appeared to be well fixed at
lower power, as well as Golgi bodies, RER, cell and nuclear membranes that are only visible
at this magnification demonstrate qualities associated with a high level of quality of fixation.
As this was evident across all samples processed this way, this again reinforces the idea that
the methodology changes pertaining to fixative flow were key in increasing the occurrence of
good fixation at the cellular layer. However to fully assess these samples, the dendritic layer
must also be investigated. This can be seen in Figure 34 at 2500x magnification.
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Figure 34. Tissue from the CA1 dendritic layer of animal PN26-8 at 2500x magnification. A. normal mitochondrion; B. normal
dendrite cut longitudinally; C. normal dendrite cut in cross section; D. area of higher magnification seen in Figure 35. Note the overall
appearance of the tissue is uniform with no ‘washed out’ pale staining areas within the dendritic processes. The two nuclei in the bottom right
corner are likely to be from different cell types resulting in a different appearance rather than this being due to fixation quality.
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Figure 34 demonstrates that at low power there appears to be no swelling or damage to
the dendritic layer. This supports the idea that the methods used on this tissue were optimal
and result in good quality fixation. This also demonstrates that the fixation method did not
have selective fixation qualities as both the dendritic and cellular layer of this tissue are well
fixed. Again, higher power shots of this region at 13500x magnification, as in Figure 35, will
help to fully assess this concept.
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Figure 35. Tissue from the CA1 dendritic layer of animal PN26-8 at 13500x magnification. A. normal mitochondria; B. normal dendrite
cut longitudinally; C. normal dendrite in cross section. Note once again the uniform appearance of the tissue.
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Figure 35 demonstrates that the tissue of animal PN26-8 is well fixed in the dendritic
layer with no swelling or abnormal configuration apparent at high magnification. Overall we
can see that this tissue is well fixed with both various components and samples from two very
different regions remaining intact and without visible damage.
3.3.6 PN26 discussion
The PN26 tissue appeared to be well fixed across all specimens with no swelling or
damage to any of the components of the cellular or dendritic layer. From this we can conclude
that increasing the rotation speed and therefore having a constant flow of fixative appears to
increase the likelihood of good fixation in PN26 tissue.
3.4

Fixation discussion
Optimising of fixation is required to be able to investigate some of the more detailed

aspects of brain tissue. In this experiment we investigated PN6-8 and PN26-30 tissue to find
the technique that would preserve it in a state as close to living tissue as possible. It was found
that using previously established techniques when processing the younger tissue resulted in a
lot of damage and large amounts of variability in what components of the tissue were well
fixed. Evidence of damage was indicated by swelling and destruction of various organelles
and components of the tissue including mitochondria, cell membranes, ECS and dendritic
processes. It is known that rat brain tissue of this age contains a large amount of ECS (Sumi,
1969) meaning the overall structure of the tissue is not very compact allowing membranes to
rupture easily resulting in the loss of intra- and extracellular content. While this sort of
flexibility is beneficial to the living animal to allow for development, it means fixation of
tissue at this age often results in high amounts of damage. In the process of establishing an
optimal methodology for fixing brain tissue, changes were made in the composition of both
the fixative and prewash, different combinations of these were also used, the duration of
exposure to the prewash and fixative during perfusion of the tissue were all altered (see
appendix 6.5 for specifics). We found that none of these factors significantly affected the
quality of fixation. Further experiments to optimise brain tissue of the young animals could
not be completed but we suspect that using the techniques that proved to be successful in the
older tissue, mainly increasing the pressure at which the perfusate is delivered, would be
successful in future studies. It will be important to optimise tissue at this age as due to its
higher water content it is more vulnerable during the fixation process.
In the tissue samples of older animal at PN30 there was an increased rate of success of
fixation as compared to the younger tissue, with some of the tissue samples deemed useable
for further experiments. These appeared well fixed with only small amounts of visible
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swelling or damage to intra- and extracellular components. However, there were some
samples that were not well fixed, with a lot of visible damage to membranes and organelles.
As older tissue contains less ECS than younger tissue this suggests that this plays a role. Less
space in the tissue would allow for more structural components, such as a more extensive
dendritic tree, to form more connections with the surrounding tissue allowing the structure to
hold together when exposed to fixation chemicals. However, there were still some samples
that were displaying a lot of damage so clearly the fixation techniques were not optimal for
this tissue type. Further experimentation in tissue of a similar age at PN26, with a change in
methodology proved to be successful. Increasing the flow rate of the fixative through the
peristaltic pump to achieve constant flow, although with variable pressure, rather than the
stop-go type flow typical of a peristaltic pump resulted in optimal fixation across all tissue
samples analysed. This resulted in all organelles and membranes seen at both low and high
magnification from both the dendritic and cellular layers being well fixed. It appears that
providing a constant flow of perfusate was the critical variable in achieving optimal fixation.
In initial experiments that were not optimised for the tissue, at both ages there was a
lot of variability of success in tissue fixation. This was seen through both differences between
animals of the same age and different areas from tissue within an animal. Differences between
animals suggests that genetic and environmental factors may play a role in the outcome of
fixation. Because this technique is so sensitive to damage, slight changes between animals
could result in large amounts of difference in the final result. Differences in the cellular
compared to the dendritic layer implies that fixation is a selective procedure that can result in
various degrees of damage across different areas. Differences in content of these areas,
mainly, more cell bodies and less dendritic processes in the cellular layer, implies that this
factor also influences fixation. Clearly this is a problem that cannot be altered during the
experimental procedure. Optimising overall fixation for the tissue appeared to reduce this
problem.
With the type of research that this tissue was to be used for, increasing the amount of
useable tissue was highly necessary. Initial experiments resulting in such wide-ranging quality
in the fixation of the tissue indicates that the procedures used were not optimal for the type of
tissue. However, subsequent experiments provided information on what aspects of the
methodology were influencing fixation till finally, optimal fixation was achieved in PN26
animals. Unfortunately this method was not able to be applied to the younger animals due to
time constraints. This research demonstrates that the procedure for fixation is highly
important to optimise for specific tissue types before the resulting tissue can be used in further
experiments.
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4 DENDRITE RECONSTRUCTION
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Ethanol exposure is known to affect the hippocampus both behaviourally (Hamilton et
al., 2003, Uecker and Nadel, 1996) and at the cellular level (Barnes and Walker, 1981,
McGoey et al., 2003). In order to fully understand the effects of ethanol on the hippocampus,
spines and synapses are an aspect that need to be assessed. Due to problems with optimising
fixation these were only able to be assessed in animals at PN26. This time point was chosen
as it should reveal what compensatory mechanisms occur in the cells following ethanol
exposure on PN6 and throughout adolescence. In order to visualise these changes, sections of
dendrite and their associated spines and synapses were reconstructed using transmission
electron microscope (TEM) images. This made analysis of the number, type and location of
spines and synapses possible so the effects of ethanol exposure on the CA1 dendrites of the
developing hippocampus were able to be evaluated.
The overall aim of this project was to investigate whether there are changes to the
dendritic structure of hippocampal CA1 pyramidal neuron apical dendrite trees that may be
related to a reduced performance on hippocampal related tasks following binge ethanol
exposure on PN6. This was originally planned to be investigated in both younger tissue (PN68) to observe immediate changes and in older tissue (PN26-30) to examine more long term
adaptations. However, fixation of the younger tissue was not found to be optimal and could
not be adjusted to an acceptable state in the time allowed as discussed in the previous section.
This resulted in dendritic structure analysis in the older tissue only. It was hypothesised that at
PN26-30 the increases in spines, synapses and mitochondria and decreases in dendritic length
predicted as a result of ethanol induced cell loss detected at PN8 would still be present.
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4.1

Methods

4.1.1 Reconstruction
Once fixation had been assessed as optimal, 2 dendrites from 3 animals in each
treatment group were selected for analysis. A ribbon of around 60 serial sections was cut and
mounted over around 20 formvar coated copper slot grids from sections of hippocampus from
each animal. As both the cell body region and the most apical dendrites of the pyramidal cells
in the stratum radiatum were required within the ultra thin sections, only three sections, on
average, could be mounted on each slot grid. From these, two different dendrites within the
selected zone of the stratum radiatum of the older tissue were photographed at 10400x
magnification. This required identification of apical dendrites of the pyramidal cells in the
stratum radiatum at low power, followed by selection of transverse sections of the dendrites.
These were identified by the presence and correct orientation of microtubules and
mitochondria and were followed through subsequent sections. The computer programme
Reconstruct (Synapse Web, K. Harris, 1999) was then used to align the images for each
dendrite, the outline in each picture traced as seen in Figure 36 and a 3-dimensional image of
that segment was produced.

250nm

Figure 36. Dendrite with microtubules cut in cross section; the external boundary
of the dendrite is traced for reconstruction
The 3D image alongside the single sections were used to analyse the number and type
of synapses and spines along each length of dendrite and the mitochondria within. Normal
spines were classified as have a head that was distinguishable from the neck, spinule spines
were defined as having no clear head and a pointed end, and stubby spines were classified as
being short but with a clear stubby shape as seen in Figure 37. Each spine had to be present in
more than one section to be counted.
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500nm

Figure 37. Examples of different spine types in TEM images. The external border
of the dendrite and the outer membrane of the mitochondria within are traced. A.
normal spine with a synapse; B. spinule spine; C. stubby spine. Note: these are examples
of how the spine types were identified by type. For clearer examination of how the
borders were traced see Figures 41, 43 and 45. Scale bar applies to all images.
Synapses were defined as dark thickened regions of the cell membrane as seen in
Figure 37, image A, and were identified on both spines and the dendrite itself. To classify
synapses into macular or perforated they were followed in their entirety assessing the pattern
of membrane thickening in each section. Perforated synapses were counted when the dark
postsynaptic region broke into two or more spots with a distinct clear region between. This
may then have reformed to a single region in later sections and once again split, possibly at a
different point. It is important that these synapses are analysed in serial sections as they would
be considered as two small separate synapses if only one section was viewed. All synapses
that did not show any breaks in the postsynaptic density were counted as non-perforated
(macular) synapses. Mitochondria were identified as an oval or round, darkly stained
structures with visible cristae, membranous infoldings within the structure, that were present
over multiple sections.
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4.1.2 CA1 depth analysis
CA1 depth analysis was also done on 1µm thick hippocampal sections from both
ethanol and control animals. These were photographed on a compound microscope (Olympus
AX70) then analysed using Image J (Wayne Rasband, National Institute of Health) to assess
the length of dendrites from the cell layer to the outside of the lacunosum-moleculare layer as
can bee seen in Figure 38.

Figure 38. Illustrative example of how CA depth was analysed

4.1.3 Statistical Analysis
CA1 depth data, numbers of spines and synapses, and % mitochondria volume fraction
data was analysed in Graphpad Prism version 5.0 software (Graph Pad Software Inc.) using
two-way ANOVA statistical tests with treatment group (6k/kg or intubation control (IC)) and
spine or synapse type or location as factors. Student T-tests were also used when comparing
two sets of data only.
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4.2

Results

4.2.1 BEC data
The BEC for ethanol treated animals was significantly different at 413.4mg/dl for the

Blood Ethanol Concentration (md/dL)

6g/kg ethanol treated animals and 0mg/dl for controls. This can be seen in Figure 39.
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Figure 39. Blood Ethanol Concentration by treatment group at PN6.

4.2.2 Dendrites
Fifty eight microns of spiny branchlet were reconstructed for detailed analysis in both
alcohol-treated and control groups. In Figures 40 and 41 we can see examples of the
reconstruction of these dendrites.

Figure 40. A section of dendrite reconstructed from a control animal.
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Figure 41. A section of dendrite reconstructed from an ethanol treated animal

4.2.3 Dendritic spines
TEM photos of a section of dendrite that contained a normal, spinule and stubby spine
and the 3-D reconstruction that resulted from this are seen in Figures 41-46. Each set of TEM
photographs demonstrates where the spine was assessed, from beginning to end. Figures 42
and 43 contain TEM and reconstructed images of a normal spine respectively, Figure 44
contains the TEM images of a spinule spine that Figure 45 was reconstructed from and Figure
47 represents the reconstruction of a stubby spine from the TEM images in Figure 46.
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Figure 42. An example of the TEM images used to reconstruct a normal spine
showing the dendrite with protruding spine. A-H indicates the organisation of images as
they were reconstructed. Scale bar applies to all images.
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Figure 43. Multiple views of a normal spine reconstructed from the images in
Figure 42.
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Figure 44. An example of the TEM images used to reconstruct a spinule spine
showing the dendrite with protruding spine. A-J indicates the organisation of images as
they were reconstructed. Scale bar applies to all images.
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Figure 45. Multiple views of a spinule spine reconstructed from the images in
Figure 44.
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Figure 46. An example of the TEM images used to reconstruct a stubby spine
showing the dendrite with protruding spine. A-B indicates the organisation of images as
they were reconstructed. Scale bar applies to all images.
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Figure 47. Multiple views of a stubby spine reconstructed from the images in
Figure 46.
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The total number of spines/µm of dendrite was found to be not significantly different
between ethanol-exposed (2.30±0.37/µm) and control animals (2.19±0.59/µm), as analysed by
an unpaired t-test (p=0.8894) seen in Figure 48.
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Figure 48. Total number of spines/μm of dendrite by treatment group.
There was also no significant difference between treatment groups, in the number of
spines per µm of dendrite when spines were classified into the three spine types and analysed
by a 2-way ANOVA (F(1, 27)=0.2369, P=0.6304) as shown in Figure 49. However there was
a significant difference in the number of spines by type, when analysed by a 2-way ANOVA
(F(2,27)=31.32, P<0.0001) but no interaction with treatment. This meant there was
significantly more normal spines than both stubby or spinule spines in each treatment group
with 1.60/µm normal spines, 0.30/µm stubby spines and 0.45/µm spinule spines in the
ethanol-exposed group and 2.14/µm normal spines, 0.17/µm stubby spines and 0.31/µm
spines spines in the control group.

Number of spines/µm

3

***
2

Normal
Stubby
Spinule

***

1

0

6g/kg

IC

Treatment group

Figure 49. Number of spines/μm per treatment group by spine type
(***=p<0.001).
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4.2.4 Dendritic Synapses
TEM images representing perforated and non-perforated (macular) synapses as they
were seen across a series of images can be seen in Figures 50 and 52 respectively. The 3-D
images that were then created from these pictures can be seen in Figure 51 as a perforated
synapse and Figure 53 as a non-perforated synapse .
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Figure 50. An example of the TEM images used to reconstruct a perforated
synapse showing the dendrite with protruding spine and accompanying synapse. A-G
indicates the organisation of images as they were reconstructed. Scale bar applies to all
images.
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Figure 51. An example of a perforated synapse reconstructed from the images in
Figure 50.
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Figure 52. An example of the TEM images used to reconstruct a non-perforated
synapse showing the dendrite with protruding spine and accompanying synapse. A-D
indicates the organisation of images as they were reconstructed. Scale bar applies to all
images.
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Figure 53. An example of a non-perforated synapse as reconstructed from the
TEM images in Figure 52.
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The total number of synapses was not found to be significantly different between
alcohol (1.71±0.28/µm) and control (1.93±0.35/µm) groups, analysed by an unpaired t-test
(p=0.5677) as shown in Figure 54.
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Figure 54. Total number of synapses/μm by treatment group.
When the total number of perforated and non-perforated synapses per µm	
   of	
   dendrite	
  
was analysed, there was found to be no significant difference between treatment groups
(F(1,20)=0.3134, P=0.5818) as shown in Figure 55. However synapse type was found to have
a significant effect with more non-perforated (1.41/µm alcohol-treated and 1.63/µm control)
than perforated (0.24/µm	
   alcohol-treated and 0.30/µm control)	
   synapses present
(F(1,20)=26.15, P<0.0001). There was no interaction of treatment and synapse type.
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Figure 55. Total number of perforated and non-perforated synapses/μm per
treatment group (***=p<0.001).
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The synapse type was also analysed by location, namely whether it occurred on a
spine or on the body of the dendrite. The number of synapses per µm of dendrite that were
located to spines, was not found to be significantly different between alcohol-treated
(1.55±0.3/µm) and control (1.51±0.43/µm) groups as tested by an unpaired t-test (p=0.9090)
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and shown in Figure 56.
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Figure 56. Number of synapses/μm by treatment group on spines
The number of synapses per µm of	
  dendrite occurring on spines was also analysed by
synapse type. There was no significant difference between treatment groups in the number of
perforated synapses (0.24/µm alcohol-treated and 0.21/µm control) or non-perforated
synapses (1.25/µm alcohol-treated and 1.35/µm control) (F(1,20)=0.01414, P=0.9065)
analysed by a 2-way ANOVA, as shown in Figure 57. There was also no interaction between
synapse type and treatment group.
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Figure 57. Number of synapses/μm that occurred on spines, by type and
treatment group
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The total number of synapses per μm	
   of	
   dendrite	
   on the dendrite itself was also
analysed. This was not significantly different between treatment groups (0.16±0.09/µm
alcohol-treated and 0.42±0.21/µm	
  control)	
  (p=0.3660) as analysed by an unpaired t-test and
shown in Figure 58.
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Figure 58. Number of synapses/μm on the dendrite
The number of synapses per μm	
  of	
  dendrite located on the dendrite was also analysed
by synapse type. There was no significant difference between treatment groups in the number
of perforated synapses (0.0/µm alcohol-treated and 0.09/µm control) or non-perforated
synapses (0.16/µm alcohol-treated and 0.27/µm control) (F(1, 20) = 1.079 p=0.3113) as
determined by a 2-way ANOVA and shown in Figure 59.
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Figure 59. Number of synapses/μm on the dendrite by type per treatment group.
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In both the ethanol-exposed and control animals there was found to be significantly
more synapses present on spines (1.50/µm alcohol-treated and 1.56/µm controls) than on the
dendrite (0.16/µm alcohol-treated and 0.37/µm control) itself (F(1,20)=17.2, p=0.0005) while
the treatment did not significantly affect the location (F(1,20)=0.2003, p=0.6593) and there

Number of synapses/µm

was no interaction between the two as shown in Figure 60.
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Figure 60. Number of synapses on spines and dendrites/μm per treatment group
(***=p<0.001).
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4.2.5 Mitochondria counts
Figure 61 shows a reconstructed image demonstrating the position and extent of
mitochondria in a section of dendrite from a control animal. Figure 62 shows every fifth TEM
photo that this was reconstructed from taken over the whole section of dendrite.

Figure 61. A reconstructed dendrite showing the mitochondria within in a control
animal. A-E corresponds to the TEM images in Figure 61 that the dendrite was
reconstructed from.
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Figure 62. A sample of the TEM images showing every fifth section used to
reconstruct the dendrite and mitochondria in Figure 60. A-M indicates the organisation
of images as they were reconstructed and corresponds to the letters used in Figure 61.
Scale bar applies to all images.
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There was no significant difference in the volume fraction of mitochondria (%)
contained within the section of dendrite analysed between the alcohol-exposed (8.34%) and
control (8.26%) groups. This was assessed by a unpaired t-test (P=0.9593) and is shown in

Volume fraction of mitochnodria (%)

Figure 63.
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Figure 63. Volume fraction of mitochondria (%) by treatment group.
4.2.6 CA1 depth analysis
The length of the CA1 cells was analysed to find that in the ethanol-exposed animals
the dendrites were significantly longer (294.1±4.93µm) than in the control animals
(267.4±4.26µm) (p<0.001) as seen in Figure 64.
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Figure 64. CA1 dendritic depth (μm) by treatment group (***p<0.001).
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4.3

Dendrite reconstruction discussion
The present study aimed to investigate the effect of a single binge ethanol exposure at

PN6 on the structure of CA1 pyramidal cell dendrites of the hippocampus at PN6-8 and
PN26-30. Prior to this, extensive trials were carried out to establish optimal fixation
parameters for rat brain tissue at a number of ages. This proved unsatisfactory in the younger
ages of PN6 and PN8 so tissue was investigated only at PN26-30, equivalent to very early
adolescence in the rat (Spear, 2000). The CA1 region of the hippocampus was selected as the
area of interest as acute ethanol exposure on PN6 results in significant apoptotic cell death
(Napper and Prasad, 2005) producing a permanent deficit of CA1 pyramidal neurons in the
mature hippocampus (Napper et al., 2008). The number of dendrites selected for investigation
per treatment group was n=6. It would be interesting to increase this sample size or do a
power analysis to ensure the data is robust but based on the standard deviation within each
group it is unlikely that this will effect out results.
It was hypothesized that in ethanol treated animals at PN26-30 the CA1 pyramidal
cells would show an increase in the number of dendritic spines on the distal dendrites found in
the outer stratum radiatum where CA3 efferents synapse. This was also thought to translate to
an increase in the number of synapses per micron of dendrite as each spine was expected to
accommodate a synapse. This was predicted as a compensatory response to the overall
decrease in CA1 pyramidal cell number and therefore capacity for receiving inputs. We also
predicted that there may be changes in the different types of synapses, perforated or nonperforated, relating to an increase in the ratio of CA3 input to CA1 neurons in the ethanol
treated animals. This was predicted to drive a move to more of the larger, more complex
perforated spines. The energy demands of the anticipated increase in dendritic spines and
synapses were also anticipated to rise, resulting in an increase in the volume fraction of the
mitochondria per unit volume of dendrite. As had been discovered previously, a decrease in
overall dendritic length was also expected to be observed (Davies and Smith, 1981, Yanni and
Lindsley, 2000), further increasing the need for an increase in spine and synapse
concentration to compensate for ethanol induced damage.
To our surprise the data indicated that there was not an increase in the number of
spines regardless of type, per unit length of dendrite at the distal end of CA1 pyramidal cells
of the ethanol exposed animals. We also found no change in the number of synapses
regardless of type, perforated or macular, or location, on spines or on the dendrite itself. Due
to no differences in spine or synapse number in the ethanol treated animals it was not
surprising that we also observed a preservation in the volume fraction of mitochondria per
unit length of dendrite. Another finding that was not as predicted was that the depth of the
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CA1 stratum radiatum, implying the total length of CA1 dendrites, was increased. These
findings suggest that the number of inputs per unit length of CA1 dendrite was not altered in
the ethanol treated animals. This may have been an attempt to maintain the normal qualitative
synaptic relationship between the two pyramidal cell populations and thus maintain normal
cell function. It also may have been a result of the ethanol induced damage impairing normal
synaptic plasticity as this has been found previously in the visual cortex of mice treated with
ethanol in early postnatal life (Lantz et al., 2012). The increase in CA1 dendrite length may
have been a form of compensation that would allow the CA1 cells to maintain as many CA3
inputs as possible while not altering the distribution of these inputs. This would aid in
maintaining the basic function of this region despite ethanol induced damage. This is
supported by studies that show both children and animals are able to maintain the ability to
complete hippocampal related tasks in the same manner as controls although with decreased
efficiency despite ethanol exposure during brain development (Gianoulakis, 1990, Kim et al.,
1997, Uecker and Nadel, 1996).
We had expected to see an increase in the number of spines per unit length of dendrite
as a form of compensation to ethanol-induced cell loss. The plastic nature of the hippocampus
and other brain regions indicated that there would be some change in this measured variable.
These changes have been demonstrated by a decrease in dendritic spine density following
ethanol exposure in the prefrontal cortex (PFC) (Hamilton et al., 2010b, Whitcher and
Klintsova, 2008) and the visual cortex of the mouse (Cui et al., 2010). However in other
regions of the brain different changes have been observed with a conservation of spine density
in the basilar dendrites of the PFC following early neonatal alcohol exposure (Hamilton et al.,
2010b) and the shell of nucleus accumbens following prenatal ethanol exposure (Rice et al.,
2012). The effect of early postnatal exposure to drugs such as methamphetamine has also
been found to cause alterations in spine density with a decrease in the dentate gyrus of the
hippocampus and nucleus accumbens, an increase in layer III of the parietal cortex and no
change in the spines of in layer V of the medial frontal cortex (Williams et al., 2004).
Nicotine exposure has also been found to increase spine density in the nucleus accumbens and
cingulate gyrus (Brown and Kolb, 2001). These studies demonstrate that the brain is very
plastic following terratogenic exposure but that the response varies between regions of the
brain. They also indicate that the changes that occur are clearly dependent on when the drug
was delivered, the dose and duration of exposure and the age at which the end result, the spine
density, is investigated. These factors may have been the reason that no change was observed
in the density of spines in the current experiment. It is not likely that the ethanol exposure
caused no damage but rather that the brain region was able to maintain the spine density
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somehow or that changes resulting from this type of damage are not seen at this age. Clearly
further investigation needs to be done to fully understand how no change in the synaptic
density is observed following ethanol exposure.
It was thought that due to the conservation of both spine and synapse density there
may have been a change in the proportion of synapse type instead. This may have resulted in
a move towards more of the more complex perforated synapses. This would have been
supported by previous research that has found that ethanol exposure in early postnatal life
causes alterations in synapse number in the cerebellum, but these remain plastic to respond to
input (Klintsova et al., 1997). Studies have also shown that in Parkinson’s monkeys, larger
spine volumes, post-synaptic densities (PSDs) and PSD perforations are found in the striatum
as compared to controls (Villalba and Smith, 2011). These studies show that synapses are
plastic, and are able to respond to damage by changing shape and therefore function.
However, this was not observed in the current study and may have been because the brain
regions investigated previously respond differently to ethanol than the hippocampus. This
could also reflect the lack of plasticity mentioned earlier that has been found in the visual
cortex of mice exposed to ethanol in early postnatal life (Lantz et al., 2012). Studies have also
found that GABA receptors on synapses of neurons can differ in their sensitivity to ethanol
(Weiner et al., 1997) implicating that in the current study, some of the synapses may not have
been susceptible to ethanol damage. There may be many reasons we did not observe a change
in the density, regardless of type or location in the synapses on spines of CA1 pyramidal cell
dendrites of ethanol treated animals. This does not mean there were not other changes in the
function of the synapse. Further investigation into this, to examine synapse-associated
proteins for example, is something that would help to quantify ethanol induced damage to this
region and the compensatory mechanisms that take place following this.
That we did not see a compensatory increase in the spine or synapse density in the
present study does not necessarily mean there were no adaptive changes. It is likely that at
PN8, 48 hours after apoptotic cell death when we anticipate normal development is back
underway, changes could be detected. It is possible that at this time point, a few days after
ethanol exposure, there was an increase in spine density due to the increased number of CA3
afferent axon terminals searching for postsynaptic contacts but this number returned to normal
control levels in the weeks following. This would explain why there was not observable
change in number at PN26-30 and is something that would be beneficial to investigate in the
future. It may also have been possible that changes in the microscopic structure of this tissue
are not detectable until adulthood. Previous studies investigating changes in nicotinic
acetylcholine receptor mRNA found that nicotine delivered throughout the brain growth spurt
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resulted in different responses between adolescent and adult rats and that increased anxiety
was only evident in the adult animals (Eppolito et al., 2010). This study implies that some
changes resulting from exposure to terratogenic substances are not always present through
life. Clearly timing of investigation is important to consider when investigating dendritic
changes. Future studies will be aimed at investigating changes observable at different time
points following ethanol exposure.
Another explanation for the lack of change seen in spines and synapses per unit length
of dendrite is that due to the timing of ethanol exposure on PN6, inputs at the CA1 level
investigated were already established and not able to be altered. This would suggest that
compensation for the loss of cells and overall inputs may have instead occurred where we did
not investigate, at the very distal ends of the dendrites in the stratum lacunosum-moleculare
which are the latest to develop (Pokorný and Yamamoto, 1981a). This area was not
investigated initially as CA3 efferents synapse onto the distal ends of the stratum radiatum in
normal development so any change in this was expected to be seen here. Clearly if ethanol
exposure does result in a change to the number of inputs it is not in this area and the reason
above may be why. Investigation into this could be an fascinating area of future research.
The volume fraction of mitochondria per unit volume of dendrite was found show no
significant differences in ethanol exposed animals as compared to controls. This is not
surprising in light of the conservation of spine and synapse density that was also observed.
This would mean that local energy demands for synaptic activity would not increase therefore
mitochondrial density would not need to up regulate. However as there is a strong suggestion
that there is an increase in dendritic length there will be more dendrite overall to support,
particularly the plasma membrane with many membrane proteins, and the overall energy use
of the cell would be increased. An increase in energy demand has been seen in functional
magnetic resonance imaging studies indicating higher energy use of the hippocampus in
spatial related tasks in ethanol affected children (Spadoni et al., 2009). However as there is a
loss of cells and overall volume of this area, this indicates that while mitochondrial numbers
have not increased, the activity of these organelles may have increased meaning they are
working at full capacity all the time as compared to a normal dendrite where the mitochondria
spend more time not functioning to allow for growth and repair. A future study could look at
these organelles in the soma of the CA1 pyramidal cells, or over the full length of the
dendrite, using volume fraction analysis to determine if there is an alcohol-related change in
number. Another interesting aspect to look at in the future could be individual cell activity
assessment to investigate if CA1 pyramidal cells exposed to ethanol do show an increase in
metabolic activity.
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One significant change the present study did note was an increase in the depth of the
stratum radiatum and lacunosum-moleculare in ethanol treated animals as compared to
controls. This suggests an increase in the overall length of CA1 dendrites and could be a
compensatory mechanism to allow more spines and therefore more inputs from the non
depleted CA3 cells to synapse onto the CA1 cell population. However, it could also be due to
a lack of dendritic pruning and synapse removal after peak volume has been reached that
occurs normally during childhood (Gogtay et al., 2006, Peter, 1979, Sowell et al., 2004). This
process occurs to refine the connectivity of the brain by removing unwanted connections but
may be disrupted following ethanol exposure. The increase in length is an interesting finding
as a previous ethanol exposure studies have found a decrease in the length of dendrites
(Davies and Smith, 1981, Hamilton et al., 2010a, Hamilton et al., 2010b). However, this may
be because these studies were done in with different ethanol exposure paradigms and some
were done in the frontal cortex rather than the hippocampus. If the assumption that there has
been an increase in total dendrite length is correct, this indicates that the distal ends of the
CA1 dendrites only make up a small portion of the total volume of the hippocampus and
cannot fully compensate for the loss of CA1 cells. This is because previous research has
shown that the total volume (Coles et al., 2011, Willoughby et al., 2008) and grey matter
(Nardelli et al., 2011) of this region decreases with this type of exposure.
Overall this research suggests that on PN26-30 following ethanol exposure on PN6,
the cells of the CA1 compensate for a decrease in total number with an increase in the length
of the dendritic tree. This occurs while spacing of inputs, dendritic spines and synapses, and
energy supply, volume fraction of mitochondria, is maintained in the dendritic branches found
in the upper layer of the stratum radiatum. This response may be to allow for normal
functioning of the individual CA1 pyramidal cells, but could also be attributed to a lack of
plasticity and pruning in the area due to ethanol induced damage. The time point assessed
here may also be a factor as this did not allow us to investigate changes that occurred in
younger animals or that may become evident in older animals. The exact changes and reasons
behind this are unknown and further research needs to be done to fully understand what
occurs in this research post ethanol exposure and into adulthood.
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4.4

Future research
There are many directions in which further research of this area could go. As the

current study had issues with the fixation of the tissue at PN6-8 but eventually discovered
what factors may be changed to optimally preserve this tissue, this would be the most obvious
option to continue with. Studying the changes to the tissue between control and ethanol
exposed animals at this age would be very informative regarding what happens immediately
following and a few days after ethanol exposure. This could also help to explain how the
results in the current study came about as it would look at the changes that take place as the
cells respond to the initial ethanol exposure, and what compensatory mechanisms occur a few
days post ethanol induced damage. It would also be beneficial to investigate these changes in
older animals once they had reached full adulthood. As it is known that some hippocampal
associated behavioural deficits can become less severe with age (Nagahara and Handa, 1997,
Wozniak et al., 2004), but also that some changes are not seen until adulthood (Eppolito et al.,
2010) this may be reflected in the dendritic structure of this region as studied at the current
age. Some of the changes to dendritic spines and synapses may not have been established by
PN26-30 as this is a period of extensive stabilization of dendritic structure so the final adult
organisation can be achieved. Investigation of different time points would be beneficial in
understanding the full response of the hippocampus to early prenatal ethanol exposure.
Another future area of interest would involve more fully investigating some of the
more detailed aspects of the synapses on CA1 pyramidal spines. Proteins and receptors
integral to synapse structure, the spine apparatus within the spine and the structural
components of the presynaptic CA3 axonal varicosities, may all have been altered in the
ethanol exposed animals. As proteins and other synapse associated organelles are implicated
in neuropsychiatric diseases (Iasevoli et al., 2013) they could also easily be altered in ethanol
exposed children or adults. In this study, changes to these aspects may have been a form of
compensation that occurred following ethanol damage that would not change the overall
numbers of these structures. Investigation of this idea via immunohistochemistry at both light
and electron microscope levels could reveal alterations in the synaptic complement and
explain some of the results of the current study further.
As it has been clearly established that there is a deficit in CA1 but not in CA3 neurons
(Napper et al., 2008) the quantitative relationship between input and output in these two
populations is most likely to have been altered following ethanol-induced cell death. As the
number of inputs to the already established stratum radiatum region of CA1 where CA3
efferents synapse did not increase, and ethanol is known to impair spine plasticity (Lantz et
al., 2012) there is a possibility that the incoming CA3 efferents instead synapsed on the more
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distal ends of the dendrites. Determination of the number of dendritic spines and synapses on
the dendrites of the lacunosum-moleculare would help to investigate this idea. These would
still have been developing so may have been able to compensate for the loss of CA1 cells and
therefore normal synaptic inputs. This could be investigated using similar methods to the
current study but focusing on the lacunosum-moleculare portion of the dendrites rather than
the stratum radiatum. There is also the possibility that the CA3 efferent fibres underwent
arborisation when there were less CA1 inputs available. This would make sense as supporting
efferent fibres that were not communicating with other cells would be inefficient.
Investigating arborisation of the CA3 inputs therefore would also be a worthwhile avenue to
study. This could be examined with Golgi staining techniques to inspect full CA3 cell
structure following ethanol exposure. Together, these studies would help to explain some of
the changes that are occurring around the CA1 region following ethanol exposure.
Any changes in the total volume fraction of mitochondria in the CA1 pyramidal cells
following ethanol exposure and the metabolic changes that occur as a result of this would also
be an interesting avenue to pursue. It is known that the overall energy use of this area is
increased following ethanol exposure (Spadoni et al., 2009) but that the number of CA1 cells
is decreased (Napper et al., 2008). It would be interesting to investigate if the CA1 cells
contributes to the increased energy use due to having to work harder. This could be assessed
through full cell mitochondrial counts and individual cell energy calculations.
Whole cell visualisation in the ethanol and control animals, using stereological
methods, could also be an avenue worth investigating. This would be worth pursuing to
analyse the assumption that the total number of inputs has increased in CA1. Visualising
individual CA1 pyramidal cells either via the Golgi method or with intracellular labelling
would allow the full length of the dendritic tree to be analysed and correlated with any change
in synapse or spine number. This would also help to explain if the increase in length that is
suggested in the CA1 of the ethanol treated animals does occur and if this results in an
increase in the total number of spines and synapses.
In summary, the lack of a compensatory change in the spine and synapse density in
this study was surprising but in itself may explain the deficits in acquisition performance seen
in other cohorts of identically treated animals. There are many avenues worthy of
investigation which may help us to more fully understand the way in which the developing
brain copes with adversity and injury in an attempt to maintain normal function.
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APPENDIX

6.1

Ethanol Dose Calculations
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6.2

Fixation Recipes

Harris Fix recipe
2% gluteraldehyde
2% paraformaldehyde
2mM CaCl2
4mM MgCl2
in 0.1M Cacodylate buffer. (or try in 0.1M phosphate buffer)
Instructions: to make up 600mls;
Heat 300mls of double distilled water to 60oC
Add 12 grams of paraformaldehyde
Add 1.5 grams glucose (in EM lab)
Add 10-14 drops of 1.0 M NaOH
Filter through wet strength filter paper
Add 48mls of 25% Gluteraldehyde
Add 0.176 grams of CaCL2
Add 0. 488 grams of MgCL26H2O
Make up to 600 mills with 0.2 M Phosphate buffer
Check pH and Osmolarity (pH around 7.2). Osmolarity measure in EM Unit.
Harris Prewash (2L)
1600mL ddH2O
13.79 NaCl
0.7 KCl
0.59 CaCl22H2O
1.97 MgSO47H2O
2.10 NaHCO3
3.96 D-glucose
2.65 Na2CO3
Dissolve Na2CO3 in100mL water separately.
Dissolve all other components then add Na2CO3 slowly. Adjust pH down to 8 while adding.
Allow to mix for several minutes then adjust pH down to 7.35-7.4. Then make final volume
of 2L. Filter. Measure and adjust osmolarity to 300-330 mmol/kg.
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Napper Fix Recipe
1% Paraformaldehyde 1% Gluteraldehyde in 0.1 M Phosphate buffer
with 0.002% CaCl2 and 0.05 M Glucose (600mls) (for PN4 to 10 rats)
Instructions: to make up 600mls;
Heat 300mls of double distilled water to 60oC
Add 6 grams of paraformaldehyde
Add 5-7 drops of 1.0 M NaOH
Add 0.012 grams of CaCL2
Add 1.5 grams of glucose
Filter through wet strength filter paper
Add 24mls of 25% Gluteraldehyde
Make up to 600 mills with 0.2 M Phosphate buffer
Check pH and Osmolarity (pH around 7.2)
(Other recipes without glucose, just made up made up the same but excluded the glucose)
Napper Prewash recipe
0.1M PBS with heparin
(600µl heparin in 300ml buffer)

6.3

Fixation Notes

All notes on animals done in conjunction with this research. Most animals were not featured
in the results. Bolded name indicates animals that were specifically used in the write up.
10/4/12-PN6 pups
Napper Fix and Prewash. Rotation dial setting=170, small gauge needle
S6HC1(F1)-30s prewash, liver clear, 12 min fix, no fix reaction (rn) but went stiff. Brain clear
but jelly like.
S6HC2(M1)-40s prewash, liver clear, 12 min fix, no rn but went stiff
S6HC3(F2)-40s prewash, liver not perfectly clear, 12 min fix. Animal may have been dead
(heart only just beating).
S6HC4(M2)-30s prewash, pink lines in liver, 12 min fix, small fix rn.
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21/4/12.-PN6 pups
Harris Fix, Napper prewash.
S6HC5(F)-40s prewash (0.1M PB + heparin), 12 mins, fix rn at 1.3mins=firm immediately
S6HC6(M)-30s prewash, liver fairly clear, 12 mins. Heart just beating when chest cavity
opened. Brain softer than in 5 above.
S6HC7(M)-30s prewash, liver moderately clear, 12 mins fix (same as above), rn at 1.3mins.
respiration stopped and heart beating slowly.
21/4/12-PN8 pups
Harris Fix, Napper prewash.
S8HC1-40s prewash, liver moderately clear, 12min fix, no rn but went firm. Stopped
breathing but heart still beating
S8HC2-30s prewash, liver cleared well, 12min fix, small fix rn-went stiff.
23/4/12-PN8 pups
S8HC3-30s prewash, liver cleared well, 12 min fix with Napper fix 647mOsmol. Fix rn good.
S8HC4-30s prewash, cleared well,12min fix with Napper fix 476mOsmol. Fix rn good.
S8HC5-30s prewash, cleared well, 12min fix with Harris Fix 672mOsmol. Fix rn good.
S8HC6-30s prewash, cleared well, 12min fix with Harris fix plus0.4g glucose(in 50mL fix)
677mOsmol. Fix rn good.
4/5/12-PN30 pups
Harris Fix, Napper prewash. Rotation dial setting=400, needle=green,
S30HC1-prewash45s, liver cleared well, fix=15 mins, Fix rn good.
S30HC2-prewash45s, cleared well, fix rn god. Brain doesn’t look as good as above
S30HC3-prewash45s, cleared well and went stiff. Pup just breathing, heart slow.
S30HC4-prewash45s, cleared well and good rn.
15/6/12-PN8 pups
Harris Fix, Napper Prewash.
S8HC7-1 min prewash, total fix 8 mins-aorta broke when perfusing. Went firm.
S8HC8-1 min prewash, cleared well, total more than 8 mins-cannula would not go back into
aorta after being taken out between prewash and fix. Tissue v soft.
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5/7/12-PN28 pups
Harris Fix, Napper prweash.
S28HC1-30s prewash, pretty clear-liver, 20 mins total, went stiff fast.
S28HC2-30s prewash, cleared v well, 10 mins total. went stiff. Animal stopped breathing and
slow heart (only 1-2 beats). Red blood vessels on surface of brain.
S28HC3-30s prewash, cleared well, 15 mins total, went firm.
S28HC4-30s prewash, cleared well, 15 mins total, went firm. Right hemisphere smaller than
left.
S28HC5-30s prewash, cleared well, 15 mins total, went firm.
10.8.12.-Fixation trials. PN8 pups
Brains all out after 1 hour except Pt10=out immediately.
Pt 1(f)- Harris prewash. Harris fix. Rotation set too low (200) for 15 mins then put at 150 with
smaller needle for 5 mins. Liver moderately clear but patchy.
Pt 2(f)-Harris prewash. Harris fix. Rotation dial at 700. Green needle then switched to
smaller. Fix for 20 mins total, went stiff at 2 mins. Method problems-couldn’t get needle into
aorta, some stopping, tesing and restarting, decreased pressure in middle. Brain looked good
though.
Pt 3(m)-Harris prewash. Harris fix. Small needle at 250 rotation for 1.37mins=10% sucrose in
water. Trouble getting cannla to stay in aorta.
Pt 4(m)-Harris prewash for 30s. Harris fix. Rotation set at 300 then to 250 after 3 mins-very
stiff by this time. Fix at 35oC.
Pt 5(f)-Blue needle, 250 pressure. Harris prewash for 30s, liver clear. Harris fix. 22 mins total.
Pt 6(f)-Harris prewash for 30s. Harris fix. Fix rn at 2 mins.
Pt 7(m)-Harris prewash for 40s. Napper fix, 20 mins total.
Pt 8(f)- Rotation dial set at 250. Harris prewash for 30s, liver clear. Napper fix. No fix rn but
stiff at 2 mins.
Pt 9(f)-Rotation set at 180. Harris prewash for 30s. Napper fix.
Pt 10(m)-Rotation set at 220, Harris prewash 30s, Napper fix. No fix rn but stiff at 4min.
Brain not as firm or dry as others.
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19/12/12-PN26 pups
Harris Prewash. Napper fix but adjusted to 1.5%paraldehyde, 2%gluteraldehyde. Green
needle, rotation dial set at 900.
S26-1-Prewash for 40s, at 5 mins rotation turned down to 600. 10min total. 100ml used.
Procedure same as animal above unless changes stated.
S26-2-40s prewash, good fix rn, 10 mins total time. 100ml used.
S26-3- as above.
S26-4-as above except 30s prewash.
Prewash changed to 1xPBS with heparin.
S26-5-as above, went well.
S26-6-Prewash for 20s. Fix rn at 45s, 10mins total.
S26-7-as above.
S26-8-Prewash only what was in tube (around 20s?). Went well.
S26-9-as above, Rotation set at 900 by mistake, fix ran out 9 mins meaning air in brain.
S26-10- Prewash only what was in tube. Went well except cannula blocked at end.
S26-11-Overdose, heart only just beating. Liver very dark at beginning. Prewash for 50s.
Liver cleared and fix rn seen at 1 min.
S26-12-Rotation set at 600. Prewash using what was in tube only. Brain was very soft at end.
S26-13-Prewash using what was in tube. 10 mins total time.
S26-14-Went well. Prewash using what was in tube only.
S26-15-Went well. Prewash using what was in tube only. 10 mins total time.
S26-16-Rotation dial set at 900 till 6 mins then 600 till 10 mins. Prewash odd. Had bubble in
tube or possibly no prewash.

6.4

EM tissue processing protocol

Thursday 12th April 2012
Samples processed: S6HC1 – 4
By hand:
Washed samples 3 times in 0.1M phosphate buffer, 10 mins each wash.
Samples left in 1% OsO4 in double distilled water for 1 hour.
Samples washed 2 times in double distilled water, 10 mins first wash, 30 mins second wash.
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Tissue processor:
Samples washed 3 times in double distilled water, 10 mins each wash.
Samples left in 1% Uranyl Acetate in distilled water for 1 hour.
Samples washed 2 times in double distilled water, 5 mins each wash.
Samples dehydrated in 50% ethanol for 10 mins.
Samples dehydrated in 70% ethanol for 20 mins.
Samples dehydrated in 96% ethanol for 20 mins.
Samples dehydrated in 100% ethanol for 20 mins.
Samples dehydrated in 100% ethanol for 20 mins.
Samples dehydrated in 100% propylene oxide for 15 mins.
Samples dehydrated in 100% propylene oxide for 15 mins.
Samples dehydrated in 100% propylene oxide for 10 mins.
Samples left in 2:1 propylene oxide/ resin (“medium” EMBED with BMDA, mixed without
warming) for 90 mins.
Samples left in 1:1 propylene oxide/resin for 90 mins.
Samples left in 1:2 propylene oxide/resin for 90 mins.
Samples left in resin for 45 mins.
Samples left in resin 10 hours.
Samples left in resin 3 hours.
Samples orientated by Ruth Napper.
Monday 18th June 2012
Samples S8HC
Washed samples 2 times in 0.1M cacodylate buffer, 10 mins each wash.
Samples left in 1% OsO4 in double distilled water for 1 hour.
Samples washed 2 times in double distilled water.
Samples left in double distilled water overnight.
Tuesday 19th June 2012
Samples S8HC7D, 7V, 8D, 8V
Samples washed for 10 mins in double distilled water.
Samples left in 1% Uranyl Acetate in distilled water for 1 hour.
Samples washed 2 times in double distilled water, 5 mins each wash.
Samples dehydrated in 50% ethanol for 10 mins.
Samples dehydrated in 70% ethanol for 20 mins.
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Samples dehydrated in 96% ethanol for 20 mins.
Samples dehydrated in 100% ethanol for 20 mins.
Samples dehydrated in 100% ethanol for 20 mins.
Samples dehydrated in 100% propylene oxide for 15 mins.
Samples dehydrated in 100% propylene oxide for 15 mins.
Samples dehydrated in 100% propylene oxide for 10 mins.
Samples left in 2:1 propylene oxide/ resin (“medium” EMBED with BMDA, mixed without
warming) for 90 mins.
Samples left in 1:1 propylene oxide/resin for 90 mins.
Samples left in 1:2 propylene oxide/resin for 90 mins.
Samples left in resin for 45 mins.
Samples left in resin 10 hours.
Samples left in resin 3 hours.
11th July 2012
Samples S8-HC1D, S8-HC1V, S8-HC2-D, S8-HC2V, S8-HC3D, S8-HC3V, S8-HC4D, S8HC4V, S8-HC5D, S8-HC5V.
Washed samples 3 times in 0.1M cacodylate buffer, 10 mins each wash.
Samples left in 1% OsO4 in double distilled water for 1 hour.
Samples washed 6 times in double distilled water 10 mins each wash.
Samples left in 1% Uranyl Acetate in distilled water for 1 hour.
Samples washed 6 times in double distilled water, 10 mins each wash.
In tissue processor:
Samples washed in double distilled water for 5 mins.
Samples dehydrated in 50% ethanol for 10 mins.
Samples dehydrated in 70% ethanol for 20 mins.
Samples dehydrated in 96% ethanol for 20 mins.
Samples dehydrated in 100% ethanol for 20 mins.
Samples dehydrated in 100% ethanol for 20 mins.
Samples dehydrated in 100% propylene oxide for 15 mins.
Samples dehydrated in 100% propylene oxide for 15 mins.
Samples dehydrated in 100% propylene oxide for 10 mins.
Samples left in 2:1 propylene oxide/ resin (“medium” EMBED with BMDA, mixed without
warming) for 90 mins.
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Samples left in 1:2 propylene oxide/resin for 90 mins.
Samples left in resin 11.5 hours.
Samples left in resin 3 hours.
24th August 2012
Samples Pt1, Pt 2, Pt3, Pt4, Pt5, Pt6
Washed samples 3 times in 0.1M cacodylate buffer, 10 mins each wash.
Samples left in 1% OsO4 in cacodylate buffer for 1 hour.
Samples washed 4 times in double distilled water 10 mins each wash.
Samples Pt7, Pt8, Pt9, Pt10
Washed samples 3 times in phosphate buffered saline, 10 mins each wash.
Samples left in 1% OsO4 in PBS for 1 hour.
Samples washed 4 times in double distilled water 10 mins each wash.
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6.5

Fixation animals and methods

Animal
code

Age

Fixative

Prewash

Prewash
duration

Fixation
duration

Tissue
quality

A

Pressure
setting and
needle size
170 small

S6HC
1-4
S6HC
5-7
S8HC
1-4
S8HC
5
S8HC
6
S8HC
7-8
Pt
1-5
Pt
6-10
S28HC
1-5
S30HC
1-4
S26HC
1-4
S26HC
5-9
S26HC
10-16

PN6

A

30-40 sec

12 min

okay

PN6

B

A

170 small

30-40 sec

12 min

poor

PN8

A

A

170 small

30 sec

12 min

poor

PN8

B

A

170 small

30 sec

12 min

To check

PN8

A

170 small

30 sec

12 min

To check

PN8

B+
glucose
B

B

170 small

60 sec

8 min

poor

PN8

B

B

30 sec

20 min

Mixed

PN8

B

A

200
med/small
250 small

30 sec

20 min

Mixed

PN28

B

A

400 medium

30 sec

15 min

Mixed

PN30

B

A

400 medium

45 sec

15min

Mixed

PN26

C

B

900 medium

40 sec

10 min

V good

PN26

C

C

900 medium

20-40 sec

10 min

V good

PN26

C

C

900/600
medium

20 sec

10 min

V good

Fixatives
A = 1% paraformaldehyde and 1% glutaraldehyde in 0.1M phosphate buffer
B = Harris fixative
C = 1.5% paraformaldehyde and 1.5% glutaraldehyde in 0.1M phosphate buffer
Prewash solution
A = 0.1M phosphate buffer with heparin
B = Harris prewash
C = 1 x PBS with heparin
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