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ABSTRACT

We recently showed by electron microscopy that the postsynaptic density (PSD) from
hippocampal cultures undergoes rapid structural changes after ischemia-like conditions.
Here we report that similar structural changes occur after delay in transcardial perfusion
fixation of the mouse brain. Delay in perfusion fixation, a condition that mimics ischemic
stress, resulted in 70%, 90%, and 23% increases in the thickness of PSDs from the hippocam-
pus (CA1), cerebral cortex (layer III), and cerebellar cortex (Purkinje spines), respectively. In
step with PSD thickening, the amount of PSD-associated a-calcium calmodulin-dependent
protein kinase II (a- CaMKII) label increased more in cerebral cortical spines than in
Purkinje spines. Although the Purkinje PSDs thickened only slightly after delayed fixation,
they became highly curved, and many formed sub-PSD spheres ~80 nm in diameter that
labeled for CaMKII. Delayed perfusion fixation also produced more cytoplamic CaMKII
clusters (~110 nm in diameter) in the somas of pyramidal cells (from hippocampus and
cerebral cortex) than in Purkinje cells. Thus a short delay in perfusion fixation produces
cell-specific structural changes at PSDs and neuronal somas. Purkinje cells respond some-
what differently to delayed perfusion fixation, perhaps owing to their lower levels of CaMKII,
and CaMKII binding proteins at PSDs. We present here a catalogue of structural changes
that signal a perfusion fixation delay, thereby providing criteria by which to assess perfusion
fixation quality in experimental structural studies of brain and to shed light on the subtle
changes that occur in intact brain following metabolic stress. J. Comp. Neurol. 501:731-740,
2007.  Published 2007 Wiley-Liss, Inc.

Indexing terms: PSD thickness; PSD curvature; CaMKII; cerebellum; hippocampus; cerebral
cortex

The postsynaptic density (PSD) from asymmetric gluta-
matergic synapses in mammals is a dense layer lying
beneath the postsynaptic membrane (for review see Peters
and Palay, 1996). Previously, we showed in dissociated
hippocampal cultures that PSDs rapidly thicken after de-
polarization by high K* as well as treatment with gluta-
mate or N-methyl-D-aspartate (NMDA; Dosemeci et al.,
2001, 2002). PSD thickening is accompanied by an in-
crease in calcium calmodulin-dependent protein kinase II
(CaMKII) immunolabel at the PSD. Translocation of
CaMKII to the PSD is at least partially responsible for the
increase in PSD thickness (Dosemeci et al., 2002; Chen et
al., 2005). Transient cerebral ischemia (Martone et al.,
1999) and metabolic uncoupling that mimics ischemia
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(Dosemeci et al., 2000) also induced similar PSD thicken-
ings.

The realization that the PSD is a dynamic structure
that can become modified within minutes necessitates
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new scrutiny of the conditions used to fix brains by perfu-
sion, a procedure that can take several minutes to com-
plete (Palay et al., 1962). One step of transcardial perfu-
sion fixation that could be especially crucial is the interval
between the cessation of breathing and the introduction of
fixatives to replace blood. This interval represents a vir-
tual ischemic episode, which could induce structural
changes at the PSD. This period of ischemia-like stress is
further prolonged when saline is introduced to flush out
the blood or if the fixative does not reach the tissues
quickly as a result of technical failures.

We have previously demonstrated that a 5-10-minute
delay in perfusion fixation caused formation of “CaMKII
clusters,” aggregates of CaMKII molecules ~110 nm in
diameter, in CA1l pyramidal somas in rat hippocampus
(Tao-Cheng et al., 2001). Such cytoplasmic CaMKII clus-
ters are also formed in dissociated hippocampal neurons
in culture under ischemia-like stress, accompanied by a
marked increase in PSD-associated CaMKII (Dosemeci et
al., 2000). Because self-association of a-CaMKII may be a
key event in both PSD thickening and cytoplasmic
CaMKII clustering (Hudmon et al., 2005), we also looked
to see whether there is a correlation between these struc-
tural changes and the concentration of a-CaMKII in neu-
rons from different parts of the brain. We compare the
hippocampus, the cerebral cortex, and the cerebellum, a
comparison based on previous reports showing a much
higher a-CaMKII content in the forebrain (which includes
the hippocampus and the cerebral cortex) than in the
cerebellum (Erondu and Kennedy, 1985; Walaas et al.,
1988).

The present study compares the effects of a specified
perfusion fixation delay (5—8 minutes) on neurons from
different regions of the mouse brain. Most early EM doc-
umentation of synaptic structures was performed on
perfusion-fixed rat brains, but the need to examine the
mouse brain has increased in recent years with the gen-
eration of knockout and transgenic mice with altered syn-
aptic proteins. The present study will help to identify
artifacts of perfusion fixation and introduce new guide-
lines for structural analysis of PSD and neuronal soma
obtained from perfusion-fixed brains. Furthermore, dis-
tinct responses in different neuronal types may shed light
on the mechanisms of PSD thickening and CaMKII redis-
tribution under ischemic stress.

MATERIALS AND METHODS
Anesthesia

The animal protocol used in this study was approved by
the NIH Animal Use and Care Committee and conforms to
NIH guidelines. C57 black and NIH Swiss adult male mice
(DCT, NIH), 25-35 g in weight, were used for all experi-
ments. Data were collected from four fast-fixed and five
delay-fixed mice. Each fast-fixed mouse was paired with at
least one delay-fixed mouse taken from the same litter and
fixed on the same day. Each mouse was initially anesthe-
tized in a plastic flow chamber with 5% isoflurane carried
by 100% oxygen. After the mouse was unresponsive to toe
pinch, it was moved to a perfusion station inside a chem-
ical fume hood. Anesthesia was maintained by delivering
2% isoflurane in oxygen through a facemask.
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Surgical procedures

To avoid accidental movement during the surgery and
perfusion, the anesthetized mouse was pinned down,
through the forelimb and hind limb skin, onto a 1-2-cm-
thick soft-vinyl dissecting pad. The abdominal cavity was
then opened with a long scissor cut through the abdominal
wall. This first cut was placed parallel and close to the
caudal end of the rib cage. This cut exposed the diaphragm
and ribs from below. A cut was then made through the
diaphragm and lateral aspect of the rib cage parallel to the
spinal column and close to the supporting vinyl dissecting
pad. The timer was started when the diaphragm was first
cut, because this halted air exchange in the lungs. A cut
was then made to separate the diaphragm from the rib
cage wall. Cutting the second side of the rib cage, close to
the lateral angle of each rib and parallel to the spinal
column, completed the rib flap. This exposure left a shal-
low chest cavity to be easily drained of welling blood so
that the heart would remain visually exposed during the
whole cannulation and perfusion procedure. A hemostat
(Roboz RS 7130 or Vantage 97-36) was carefully placed on
the rib flap so that the major chest wall arteries, especially
the internal thoracic arteries were clamped to prevent
them from stealing flow during the perfusion. The rib cage
flap was then reflected toward the head to expose the
heart. The rib cage flap was held in place by pinning the
locked hemostat to the vinyl pad.

A pair of broad-toothed dissecting forceps (Roboz RS
8247 or Vantage V6-8) was then used to retract the heart
gently, without cutting or damaging it. The right atrium
was then cut with small scissors followed immediately by
a small cut made into the left ventricle close to its apex. A
size 18 or 20 cannula that had been blunted and polished
to a smooth elliptical opening (to decrease the possibility
of tearing the heart tissue and to increase the flow rate)
was inserted into the opening of the ventricle, but not into
the aorta, because this might have damaged the aorta. To
prevent leakage of blood around the cannula, the cannula
was manually held in place with the same dissecting for-
ceps used to hold the heart. The exact pressure that was
needed to prevent leakage around the cannula without
tearing the heart was then maintained by rapidly and
gently clamping the distal end of these forceps with a
hemostat. To adjust the pressure on the forceps to the
proper level, the hemostat closure tension and the exact
clamping position of the hemostat along the forceps were
adjusted. The locked hemostat was then pinned in place,
taking care not to twist the heart vessels or to otherwise
block the flow of the perfusate.

Perfusion and fixation procedures

Perfusates were typically delivered by gravity flow at a
hydrostatic pressure of about 5 feet. For “fast perfusion
fixation” the total lapsed time was counted from the first
cut of the diaphragm to the time when a visible outflow of
perfusate (fixative) from the atrium was noted. We ac-
cepted only animals that were successfully perfused
within 100 seconds (samples used in this study were from
55 to 95 seconds). Within this time restriction, for accep-
tance as a usable perfusion, the liver had to be cleared of
blood, and the exposed skin of the ears and nose had to
have turned white. Unless noted, perfusion solutions were
maintained at room temperature. For “delayed perfusion
fixation,” blood was flushed out for 5—-8 minutes with
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phosphate-buffered saline (PBS; containing 1 mM Ca?®*
and 0.5 mM Mg?") before fixative was introduced. Brains
were prepared for standard electron microscopy (EM) or
immuno-EM.

For standard EM, a mixture of 2% gluteraldehyde and
2% paraformaldehyde in 0.1 N sodium cacodylate buffer at
pH7.4 was used as the initial fixative. One set of animals
was perfused with warm perfusates at 37°C. No apparent
improvements were detected between these samples and
those that were perfused with room-temperature perfu-
sates, so room temperature perfusates were used in all
other animals. After perfusion fixation, brains were left in
situ overnight, dissected the next day, vibratome-
sectioned into 100 pm slices, and further immersion fixed
in 4% glutaraldehyde from overnight to 2 weeks. Slices
were treated with 1% OsO, in cacodylate buffer for 1 hour
on ice and 0.25% uranyl acetate in acetate buffer at pH 5.0
overnight at 4°C, dehydrated with ethanol and propylene
oxide, and flat embedded in epoxy resin between two plas-
tic slides.

For immuno-EM, 1 minute of perfusion with 6—-10 ml of
3.5% acrolein and 2% paraformaldehyde in 0.1 M phos-
phate buffer at pH 7.4, or 3.5% acrolein alone in phosphate
buffer was followed by 5-15 minutes of perfusion with 50
ml 2% paraformaldehyde (for review of acrolein perfusion
fixation see Sesack et al., 2006). For safety concerns, fix-
ative was delivered with a syringe when using acrolein.
Brains for immuno-EM were dissected and examined as
soon as perfusion fixation was finished. If the brains were
soft, or pink they were discarded. Only hardened brains
cleared of blood were accepted and further fixed by immer-
sion in 2% paraformaldehyde for a total of 60 minutes of
fixation (counted from the start of perfusion fixation).
Some brain slices fixed for immuno-EM were also further
immersion fixed in 4% glutaraldehyde and processed for
standard EM.

Preembedding EM immunogold procedures

Characterization of antibodies. Mouse monoclonal
antibody against a-CaMKII (clone 6G9-2 from Chemicon,
Temecula, CA; catalog No. MAB8699; originally prepared
using the purified CaMKII by Erondu and Kennedy, 1985)
was used at 1:100 dilution (10 pg/ml). On Western blots of
mouse brain tissue, it recognizes a single band at approx-
imately 55 kDa (Stephan Miller, unpublished data; Silva
et al., 1992), and no band is observed in Westerns from
«-CaMKII knockout mice (Silva et al., 1992). The antibody
has been widely used to study the distribution of
a-CaMKII in a variety of preparations from rat and mice
(Erondu and Kennedy, 1985; Dosemeci et al., 2000; Miller
et al., 2002). Additional controls for a-CaMKII immunola-
beling included omitting the primary antibody.

Immunolabeling procedures. As previously de-
scribed (Tao-Cheng et al., 2001), all steps were carried out
at room temperature unless otherwise indicated. Briefly,
vibratomed slices were washed in PBS, blocked and made
permeable with 5% normal goat serum and 0.1% saponin
in PBS for 1 hour, treated with mouse monoclonal anti-
body against «a-CaMKII for 1-2 hours, washed and treated
with secondary antibody conjugated with 1.4-nm gold par-
ticles (Nanogold, 1:250; Nanoprobes, Yaphand, NY) for 1
hour, and silver enhanced for 10—20 minutes with the HQ
kit from Nanoprobes. Slices were then treated with 0.2%
0sO, in phosphate buffer for 30 minutes, mordanted en
bloc with 0.25% uranyl acetate overnight at 4°C, dehy-
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drated with ethanol, and flat embedded in epoxy resin.
Thin sections were counterstained with uranyl acetate
and lead citrate.

Morphometry

Sampling. Flat-embedded brain slices were examined
under the light microscope to identify regions of the brain.
Cerebral cortical synapses were sampled from layer III
(traced from the meninges to the first layer showing a high
density of pyramidal neuronal somas) of cortex above the
hippocampus. Cerebellar synapses were sampled from the
outer molecular layer where virtually all synapses are made
by parallel fibers of granular cells with Purkinje cell spines
(Gundappa-Sulur et al., 1999). The zonula radiata of the
CA1 region of the hippocampus was identified, and synapses
were sampled from areas proximal to the edge of the clus-
tered pyramidal cell somas. In randomly chosen grid open-
ings from selected areas, every cross-sectioned synapse en-
countered was photographed with a CCD digital camera
system (XR-100 from AMT, Danvers, MA) at X40,000 and
printed at a final magnification of X150,000 for PSD mea-
surement. Prints for measurements from different groups of
samples were printed on the same printer on the same day,
then mixed and measured blind without individual adjust-
ment for brightness or contrast. All measurements of PSD
thickness and curvature were made from the same set of
synapses. Only images in publication plates were adjusted
for brightness and contrast in Adobe Photoshop.

Measurement of PSD thickness and curvature.
Measurement of PSD thickness was as previously de-
scribed (Dosemeci et al., 2001). Briefly, the outline of the
PSDs were traced and then divided by the PSD length.
The curvature of a PSD is expressed as the height of its arc
above a chord drawn between its ends, then converted to a
percentage. A curvature of zero denotes a flat PSD, which
does not arc up or down. Micrographs for measurement
were oriented so that presynaptic terminals were consis-
tently situated at the top of the PSD. PSDs that arch up
into the presynaptic terminal are given positive percent-
age values, whereas those with negative values arch down
into the postsynaptic spine.

In the present study, based on single sections, each
cross-sectioned PSD was counted as one entity, and no
distinction was made between macular and perforated
PSD. For example, a perforated PSD would have been
counted as two separated PSDs if both were cross-
sectioned with distinct membranes. It should be noted
that, consistently with a previous 3D analysis (Spacek and
Harris, 1997), the great majority of the PSD analyzed in
forebrain spines were macular.

Presence of spine apparatus. The criteria for identi-
fying “spine apparatus” was according to the original de-
scription by Gray (1959; for review see Peters et al., 1991):
a few membrane-bound cisternae alternating with lami-
nae of dense materials. Micrographs of the particular
brain regions were taken and printed at a final magnifi-
cation of X37,500. The presence or absence of spine appa-
ratus was scored for every spine.

Measurement of a-CaMKII labeling, CaMKII cluster
concentrations, and PSD-associated a-CaMKII label-
ing. Areas of neuronal soma cytoplasm (excluding nucleus)
and spines were measured in NIH Image. Individual silver-
enhanced signals and cytoplasmic CaMKII clusters (aggre-
gates of CaMKII molecules of ~110 nm in average diameter)
were counted and divided by the areas. PSD-associated
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a-CaMKII labeling was measured by counting all grains
within and touching the outlined PSD. For each spine, the
number of PSD-associated silver grains was divided by the
total number of grains within that spine, to yield percentage
of «-CaMKII labeling associated with the PSD. Statistical
analysis (KaleidaGraph by Synergy Software) was carried
out by Student’s ¢-test (two-sided, unpaired data with un-
equal variance) with confidence level set at P < 0.01 unless
otherwise indicated.

RESULTS
Quality of perfusion fixation

The quality of perfusion-fixed brain samples depends on
the continuous flow of oxygenated blood prior to fixation and
the subsequent perfusion of fixative with a good flow rate to

_ Fast Perfusion - Cerebral Cortex

¥,
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replace the blood rapidly and completely throughout the
brain. Our criteria for a good perfusion fixation based on
gross inspection of the fixed brain are the absence of blood-
filled vessels, uniformity of color change resulting from the
fixative replacing the blood, and uniformity of hardening
resulting from the chemical reaction by the fixatives.

The final assessment of cell preservation can be made
only by EM. Poor fixation resulting from inadequate per-
fusion is evident from extended extracellular spaces,
swelling of mitochondria, and selective swelling of den-
drites and astrocytic lamellas (Palay et al., 1962; Karlsson
and Schultz, 1966). In the present study, any brains show-
ing signs of poor blood flow or poor fixation were discarded
to ensure that the fast-perfusion (<100 seconds delay,
Fig. 1A,C) and delayed-perfusion (5—8 minutes delay, Fig.
1B,D) fixation experiments actually represented the

_Delayed Perfusion - Cerebral Cortex

Fig. 1. A-D: Structural changes in postsynaptic densities (PSDs) after delayed perfusion fixation.
Presynaptic terminal is situated at the top of each panel. PSD thickness increases significantly in
cerebral cortex (B vs. A) but only slightly in cerebellar cortex (D vs. C). Arrows in D indicate sub-PSD
spheres present in cerebellar spines after delayed perfusion fixation. Scale bar = 0.1 pm.
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stated time points at which the brains were perfusion
fixed. Quantitative analyses of changes in PSDs resulting
from delayed fixation were thus performed in a selected
group of mice for which we are certain that the brains
were promptly fixed so that the structural changes actu-
ally reflect the stated time delays in perfusion fixation.

Effects of delayed perfusion fixation on
thickness and curvature of PSDs

In the fast-perfusion group of brains, cerebral cortical
spines (Fig. 1A) had slightly thicker PSDs than the Purkinje
spines in cerebellum (Fig. 1C). After delayed fixation, cere-
bral cortical PSDs increased appreciably in thickness (Fig.
1B), whereas Purkinje spine PSDs from the same mice in-
creased only slightly in thickness (Fig. 1D). Measurements of
the average PSD thickness of asymmetric synapses from
hippocampus, cerebral cortex, and cerebellar cortex (see Ma-
terials and Methods for details on sampling and measure-
ments) showed significant increases in thickness of 70%,
90%, and 23%, respectively (Fig. 2).

After delayed perfusion fixation, the curvature of PSDs
increased significantly in both forebrain and Purkinje
spines, and always in the direction of becoming more
positive (arching into the presynaptic terminal; Figs.
1B,D, 3). This curvature increase was more prominent in
Purkinje spines of the cerebellum than in the hippocam-
pus or cerebral cortex (Fig. 3).

The lengths of the PSDs in all three regions were also
measured. We noticed that the PSDs in the CA1l zonula
radiatum of the hippocampus were shorter than those
from the other two regions of the brain (P < 0.0001),
regardless of the fixation conditions (Fig. 3). Fixation de-
lay did not cause a significant change in the length of the
PSD in any of the brain regions studied.

**

50

PSD thigkness (nm)

CA1

Layer Il Cerebellum

Fig. 2. Average PSD thickness from three regions of the mouse
brain after fast and delayed perfusion fixation. PSD thickness signif-
icantly (**P < 0.0001) increases in all three regions after delayed
perfusion fixation. After fast perfusion fixation, cerebellar Purkinje
spine PSDs are thinner than those in CA1 region of hippocampus (P <
0.005) and layer III of cerebral cortex (P < 0.001). Sample size (n) is
noted at the base of each bar.
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Curvatures of PSDs from Three Brain Regions
after Fast and Delayed Perfusion Fixation

Fast Delayed Change
Hippo- 195 = 8§ 190+ 8 ns
campus| .22 +1.31 (55) 2.7+0.1(56) P<.005
305+ 15 315+ 23 ns
Cerebral —— o
Cortex | _0.6 = 1.2 (49) il Ml
308 +18 296 = 11
Cere- ____;____.. x ns
bellum |~ 7.3+ 0.7 (26) 21.7 + 1.4 (37) p<.0001

§Mean length of PSD + SEM in nm
TPercent of PSD length deviates from flat. Mean+SEM (n)

Fig. 3. PSD curvature increases in delayed perfusion fixation. The
number at the top of each curve is its length, whereas the number
below is its curvature.

Spine apparatus in forebrain synapses is not
affected by delay in perfusion

Spine apparatus (Gray, 1959; Fig. 4A,B) was seen only
in the forebrain regions, and these were approximately
five times more frequent in cerebral cortex than in hip-
pocampus. Consistent with a previous 3D analysis
(Spacek and Harris, 1997), spine apparatus was typically
found in larger spines (mushroom type). There were no
noticeable differences in the fine structure of the spine
apparatus in samples fixed rapidly (Fig. 4A) or with a

Fig. 4. Spine apparatus from cerebral cortex after fast (A) and de-
layed (B) perfusion. Membrane cisternae in the spine apparatus (arrow-
heads) are separated by an ~35-nm cleft (white bar in B) containing a
dense lamina (arrows). Delayed perfusion has no apparent effect on
these structures. In contrast, ER-like cisternae (arrowheads in C,D) in
Purkinje spines are randomly distributed after fast perfusion (C) and
become organized into orderly arrays separated by ~20-nm clefts (white
bar) after delayed perfusion (D). Scale bar = 0.1 pm.
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delay in perfusion fixation (Fig. 4B), nor was the frequency
of spine apparatuses affected by delay in perfusion fixa-
tion. In the cerebral cortex, 39% (40/103) and 35% (59/167)
of spines had spine apparatus after fast and delayed per-
fusion fixation, respectively. In the hippocampus, the fre-
quencies were 7.5% (12/161) and 8% (23/286) after fast
and delayed perfusion fixation, respectively.

No clearcut spine apparatus was seen in cerebellar Pur-
kinje spines, which is consistent with a previous report
(Spacek, 1985). In fast-fixed samples, Purkinje spines con-
tained ER-like sacs of smooth membrane in random ori-
entation (arrowheads in Fig. 4C). After delayed perfusion
fixation, but never in fast perfusion fixation, 26% (36 of
138 synapses) of the Purkinje spines showed ER stacks in
orderly arrays (Fig. 4D). The fine structure of these ER
stacks distinguished them from the spine apparatus in
forebrain synapses: the spacing between cisternae in Pur-
kinje ER stacks was narrower than that of the forebrain
spine apparatus (20 nm vs. 35 nm, respectively). Further-
more, the dense material between the membrane cister-
nae of the spine apparatus was arranged in a lamina
centered in the cleft (arrows in Fig. 4A,B), whereas no
such lamina is present between the Purkinje ER stacks
(Fig. 4D; for details see Gray, 1959, for spine apparatus,
and Takei et al., 1994, for Purkinje ER stacks).

Formation of sub-PSD spheres in Purkinje
spines

After delayed fixation, prominent dense structures ap-
peared beneath the PSD (arrows in Fig. 1D) in many of the
Purkinje spines. These sub-PSD structures appeared most
frequently as a sphere with an average diameter of ~80
nm (Fig. 5A,B) associated with a highly curved PSD. Sub-

Fig. 5. Structures appear beneath the PSD in Purkinje spines
after delayed perfusion fixation. A: A single sub-PSD sphere (arrow)
connected to the PSD with filamentous material (arrowheads). B: A
transverse section through a highly curved PSD with a sub-PSD sphere.
C,D: Different forms of the sub-PSD structure. Scale bar = 0.1 pm.
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PSD structures were present in ~45% of Purkinje spines
(18 of 39 spines reconstructed from serial sections in one
delayed fixed sample). Occasionally, more than one sphere
was present per PSD (Fig. 5C), but these multiple spheres
were smaller than single ones. Sometimes the sub-PSD
structure appeared as a patch of dense material below a
relatively flat PSD (Fig. 5D). Radial, filamentous elements
(arrowheads in Fig. 5A) spanned the ~35-nm space be-
tween sub-PSD structures and the PSD. Possibly the var-
ious forms of sub-PSD dense structures represent differ-
ent stages of sub-PSD sphere formation.

Sub-PSD spheres were seen in Purkinje spines after
delayed- but never in fast-fixed samples (four animals in
each group). Similarly, no sub-PSD spheres were ever
seen in the forebrain spines in fast-fixed samples. Occa-
sionally, some sub-PSD dense material appeared in fore-
brain synapses after delayed fixation, but it never as-
sumed a spherical form like the sub-PSD spheres in the
Purkinje spines.

«a-CaMKII distribution in forebrain neurons
and cerebellar Purkinje cells

In fast perfusion fixed brains, labeling for a-CaMKII
was mostly dispersed, without aggregation in the soma,
dendrites, and dendritic spines of forebrain pyramidal
neurons (Fig. 6A for cerebral cortical spine) and the Pur-
kinje cells (Fig. 6D for Purkinje spine). This dispersed
pattern was similar to that seen in somas and spines from
dissociated hippocampal cultures under unstimulated
control conditions (Tao-Cheng et al., 2001; Dosemeci et al.,
2001).

Consistent with an earlier light microscopy report (Wa-
laas et al., 1988), Purkinje cells were the only cell type
labeled for «a-CaMKII in the cerebellum. Our immunogold
measurements showed that the concentration of
a-CaMKII labeling is higher in cerebral cortical neurons
than in Purkinje cells (Fig. 7). The concentration differ-
ence between the two cell types was two- to fourfold in
neuronal somas and one-and one-half- to twofold in
spines. Furthermore, in both cell types, spines had signif-
icantly more label than the somas (Fig. 7). The spine to
soma labeling ratio was ~4-5 for cerebral cortex and
~6-8 for Purkinje cells.

Redistribution of a-CaMKII in spines after
delayed perfusion fixation

After delayed fixation, the bulk of label for a-CaMKII
was aggregated at the PSD (Fig. 6B) in the forebrain
spines, a pattern similar to that observed in synapses from
dissociated hippocampal cultures under ischemia-like
stress (Dosemeci et al., 2000). The pattern of redistribu-
tion of a-CaMKII in Purkinje spines contrasted with that
in forebrain spines. In delayed samples, label for
a-CaMKII was aggregated at PSDs in some Purkinje
spines (Fig. 6E), but more typically, a-CaMKII label was
preferentially located on the sub-PSD spheres (Fig. 6F) or
sub-PSD densities. The percentage of total o-CaMKII la-
bel associated directly with PSDs in fast-fixed samples did
not differ in cerebral and Purkinje spines [24.0% + 2.8%
(n = 34) and 23.2% = 3.3% (n = 41), respectively]. The
increase in a-CaMKII association with PSDs after delayed
fixation, however, was significantly lower (P < 0.0001) in
Purkinje spines [40.3% * 5.0% (n = 26)] than in cerebral
cortical spines [79.7% * 4.2% (n = 26)].
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Fig. 6. Label for a-CaMKII (calcium calmodulin-dependent pro-
tein kinase II) is dispersed in the spine after fast perfusion fixation in
both cerebral (A) and cerebellar (D) cortices. In cerebrum, after de-
layed perfusion fixation, a-CaMKII aggregates at the PSD in spines

100

Cerebral Cortex

Purkinje Cells

CaMKII Label/pmz2

Anmimal 1 Animal 2
Spines

Animal 2

Animal 1
Soma

Fig. 7. Density of a-CaMKII label in somas and spines of cerebral
and cerebellar cortices after fast perfusion fixation. Parallel data from
two animals are shown. Sample size (n) is noted at the base of each
bar. Overall lower labeling density in the second animal is attributed
to different degrees of fixation and other technical factors.

Effects of delayed perfusion fixation on
neuronal somas
Consistent with previous results in rat hippocampus

(Tao-Cheng et al., 2001), CaMKII clusters were abundant
in neurons from mouse hippocampus and cerebral cortex
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(B) and forms clusters in neuronal somas (C). In Purkinje spines,

«-CaMKII label aggregates either at the PSD (E) or at the sub-PSD
sphere (F, arrow) after delayed perfusion fixation. Scale bar = 0.1 pm.

(a-CaMKII labeled cluster shown in Fig. 6C) after delayed
perfusion fixation (Fig. 8B) and absent in fast-fixed sam-
ples (Fig. 8A). These cytoplasmic CaMKII clusters are
spherical structures (~110 nm in average diameter) pre-
sumably composed of densely associated CaMKII mole-
cules (Dosemeci et al., 2000) and often are closely associ-
ated with endoplasmic reticulum. As with the smaller
sub-PSD CaMKII spheres at Purkinje spines, cytoplasmic
CaMKII clusters were apparent, even without immuno-
gold labeling (arrows in Fig. 8B).

CaMKII clusters were encountered much more fre-
quently in forebrain pyramidal cell somas than in Pur-
kinje cells after delayed perfusion fixation. The percentage
of somas with cytoplasmic CaMKII clusters was 97% (68 of
70) in hippocampal pyramidal cells and 26% (12 of 46) in
Purkinje cells. In somas containing CaMKII clusters, the
concentration of clusters was about eight times higher in
hippocampal pyramidal cells (0.86 + 0.05 clusters/um?)
than in Purkinje cells (0.11 *= 0.02 clusters/um?). The
degree of CaMKII clustering in neuronal somas appeared
to be in step with the concentration of «a-CaMKII (Fig. 7).

As in the rat (for review see Takei et al., 1994), mouse
cerebellar Purkinje cells showed another striking structural
change after delayed perfusion fixation. Endoplasmic retic-
ulum (ER) formed orderly arrays of stacks throughout the
Purkinje soma in delay fixed samples (arrowheads in Fig.
8D), but stacks were never seen in fast fixed samples (Fig.
8C). The ability to form massive stacked ER cisternae ap-
pears to be characteristic of Purkinje cells, because similar
ER stacks were never observed in forebrain pyramidal neu-
ronal somas (Fig. 8A,B). These ER stacks were particularly
prominent in Purkinje dendrites near the plasma membrane
and sometimes even within spines (Fig. 4D).

DISCUSSION

Here we document artifacts that arise with delay in
perfusion fixation of the brain and provide a morphologi-
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Fig. 8. A and B compare cerebral cortical pyramidal neuronal somas after fast (A) and delayed (B)
perfusion fixations. CaMKII clusters (arrows in B) are abundant after delayed perfusion. C and D
compare cerebellar Purkinje somas after fast (C) and delayed (D) perfusion fixations. Endoplasmic
reticulum stacks (arrowheads in D) are prevalent after delayed perfusion fixation. Scale bars = 0.1 pm.

cal baseline for the recognition of changes imposed by
experimental manipulations. For delayed fixations,
glucose-free physiological saline was perfused through the
heart for 5—-8 minutes before the fixative was introduced.
The gross criteria that we used to select perfusion-fixed
samples, depending on hardness and color of perfused
brains, effectively eliminated samples that were poorly
fixed. Upon EM examination, none of the artifacts typi-
cally associated with poor perfusion fixation (Palay et al.,
1962; Karlsson and Shultz, 1966) was present in our se-
lected samples. However, even within these well-fixed
samples, comparison of delayed- and fast-fixed brains
shows that a short delay in perfusion fixation can mark-
edly alter ultrastructure in neurons, especially at syn-
apses.

With delayed perfusion fixation, the PSDs from fore-
brain synapses become manifestly thicker, accompanied
by aggregation of CaMKII at the PSD. These changes are
similar to those observed in hippocampal cultures sub-
jected to ischemia-like conditions (Dosemeci et al., 2000).
In contrast to the forebrain, PSDs from cerebellar Pur-
kinje spines do not thicken to the same extent or have as

much a-CaMKII associated with them after delayed per-
fusion fixation. In Purkinje spines after delayed perfusion
fixation, CaMKII often condensed into sub-PSD spheres
~35 nm away from the PSD, rather than aggregating on
the PSD. These sub-PSD spheres are similar in shape and
in appearance to the cytoplasmic CaMKII clusters (Dose-
meci et al., 2000) but are smaller, 80 nm rather than 110
nm, in average diameter.

Delayed perfusion fixation also results in a significant
increase in curvature of the PSD into the synaptic termi-
nals, an increase that is much more prominent in the
cerebellar cortex than in the forebrain. Interestingly, the
highly curved PSDs often appear in the same Purkinje
spines as the sub-PSD CaMKII spheres. Purkinje spines
with less curved PSDs sometimes also contain CaMKII-
positive sub-PSD densities, but not in a spherical form.
These observations suggest a link between the curvature
increase and the formation of the 80-nm-sized spheres.

Dense material in the form of multiple spheres lined up
beneath the PSD has been described in large dendrites of
the frog sympathetic ganglion (Taxi, 1961), cat habenula
and interpeduncular nuclei (Milhaud and Pappas, 1966),
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and cat spinal cord motor neurons (McLaughlin, 1972),
where the PSDs are not highly curved. These structures,
called taxi bodies or postsynaptic bodies, are smaller than
the sub-PSD CaMKII spheres reported here. Despite some
similarities in appearance, it is not known whether taxi
bodies contain CaMKII or whether they are formed in
response to the same stimuli as the sub-PSD CaMKII
spheres in Purkinje spines. Thus, pending further inves-
tigation, the presence of similar sub-PSD dense bodies in
any neuronal cell types other than Purkinje cells should
not be considered as a sign of delayed perfusion.

Another consequence of delayed perfusion fixation is the
appearance of abundant and ordered ER stacks in Pur-
kinje cells. It should be noted that these ER stacks in
Purkinje cells are structurally different from the spine
apparatus in forebrain synapses, although both entities
are composed of stacked membrane cisternae. Spine ap-
paratus is most frequently seen near the base or neck of
the spine heads at equal frequency after fast or delayed
perfusion fixation. On the other hand, the Purkinje ER
stacks contain highly concentrated inositol 1,4,5-
trisphosphate receptors (for review see Takei et al., 1994),
are specific for Purkinje cells, and are visible throughout
the soma and dendrites and in some spines after delayed
perfusion fixation. Other conditions that induce the for-
mation of ER stacks in Purkinje cells remain to be inves-
tigated.

Our present observation in mouse brains confirms pre-
vious work in rat cerebellum (Takei et al., 1994) in which
massive ER stacks formed in the Purkinje cells as the
result of a few minutes of intracardial perfusion of artifi-
cial media preceding fixation. However, despite this cau-
tionary account, flushing out the blood before fixative per-
fusion has remained a common practice. Our results with
fast perfusion fixation demonstrate that, in mice, there is
no need to flush out the blood to prevent blood clotting
prior to fixative perfusion and that perfusion directly with
fixative may prevent dynamic structural changes that
might occur during the period of flushing.

The present study also offers reliable benchmarks for
screening perfusion-fixed brain samples for signs of de-
layed fixation at the ultrastructural level. Some conse-
quences of delayed fixation such as PSD thickening in the
forebrain and increase in PSD curvature in the cerebellar
cortex cannot be conveniently used to detect perfusion
delays, because evaluation of such quantitative differ-
ences requires meticulous measurements and statistical
analysis. On the other hand, certain other structural
changes that appear only in delayed-perfusion samples
provide more obvious criteria for detecting perfusion fix-
ation delays. These structural changes include formation
of cytoplasmic CaMKII clusters in forebrain pyramidal
neurons, formation of sub-PSD CaMKII spheres, and ap-
pearance of ER stacks in Purkinje cell. We suggest that a
simple assessment of these readily discernible structures
is sufficient for evaluation of a specimen for perfusion
fixation delay in control samples from wild-type animals
under resting conditions. The effect of perfusion fixation
itself, if not monitored carefully, may mask underlying
differences that a study is designed to portray, differences
such as structural changes at synapses after genetic or
other experimental manipulations. We conclude that com-
parisons of perfusion-fixed brains from experimental ani-
mals are valid only when the control samples are consis-
tently free of any of the signs of perfusion fixation delays.
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Although we clearly demonstrate that brief fixation de-
lays produce characteristic structural changes, we do not
believe that delayed fixation is the only way to produce
these changes. In previous experiments on hippocampal
cells in vitro, we demonstrated that metabolic stress
(Dosemeci et al., 2000; Tao-Cheng et al., 2001) and
N-methyl-D-aspartate (NMDA) stimulation (Dosemeci et
al., 2002; Tao-Cheng et al., 2005) produce PSD thickening
and cytoplasmic CaMKII clusters. We would predict based
on these experiments that any condition that strongly
stimulates synaptic activity or produces metabolic stress
in vivo might produce structural changes similar to those
we report to occur after delayed perfusion fixation. Only
when the perfusion fixation is properly controlled, so that
the fixation does not itself produce structural changes, will
the structural analyses of experimental or pathological
conditions be meaningful.

Because perfusion fixation delay is in many respects
akin to an ischemic episode, comparison of fast and de-
layed perfusion fixed samples sheds light on variations in
ischemia-induced structural changes in different regions
of the brain. Forebrain pyramidal neurons and cerebellar
Purkinje cells differ in their response to ischemic stress. In
both cells types, CaMKII appears to be involved in many
of the observed changes. The concentration of «-CaMKII is
approximately two to four times higher (as measured on
labeled thin sections) in pyramidal cells than in Purkinje
cells. CaMKII clustering by self-association is reported to
be a function of the a-subunit (Hudmon et al., 2001), so the
lower overall levels of the a-CaMKII in Purkinje cells
could explain the deficiency in cytopasmic CaMKII cluster
formation in Purkinje cell bodies and processes after de-
layed perfusion fixation. Indeed, in vitro experiments
demonstrate that self-association of CaMKII requires suf-
ficient Ca®" levels and depends on the concentration of
CaMKII (Hudmon et al., 2001).

The apparent aggregation of CaMKII in Purkinje spines
to form the sub-PSD spheres suggests that, within the
confines of these spines, a-CaMKII levels and Ca®" in-
creases can be of sufficient magnitude to support self-
association of CaMKII. Purkinje spines indeed had a six-
to eightfold higher concentration of a-CaMKII than the
soma, a factor in favor of CaMKII self-association. How-
ever, even though the forebrain spines have one-and-one-
half- to twofold higher levels of «-CaMKII than the Pur-
kinje spines, the CaMKII molecules in forebrain spines
invariably aggregate onto the PSD after delayed perfusion
fixation, rarely forming sub-PSD aggregates. One expla-
nation for this difference in redistribution of CaMKII in
forebrain and Purkinje spines may be the lack of strong or
prominent CaMKII binding partners in the Purkinje
PSDs. For example, adult Purkinje neurons do not express
the NMDA receptor subunit NR2B (Kakegawa et al.,
2003), one of the CaMKII-binding proteins (Bayer et al.,
2001, 2006), which is abundant in forebrain PSDs.

Because some accumulation of CaMKII does occur in
Purkinje PSDs after delayed perfusion fixation, one can
assume that CaMKII binding proteins other than NR2B
are present in these PSDs. Thus, the amount and type of
binding partners in different PSDs might determine
whether CaMKII molecules will preferentially bind to the
PSD or self-aggregate into sub-PSD spheres in response to
ischemic stress. Thus, the relatively small increase in PSD
thickening and in PSD-associated CaMKII in Purkinje
PSDs compared with forebrain PSDs after delayed fixa-
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tion may be due to the overall scarcity of strong CaMKII
binding partners in PSDs as well as the lower concentra-
tion of CaMKII in Purkinje spines.
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