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Abstract

We have previously presented evidence that the development of secondary traumatic axonal injury is related to
the degree of local cerebral blood flow (LCBF) and flow-metabolism uncoupling. We have now tested the
hypothesis that augmenting LCBF in the acute stages after brain injury prevents further axonal injury. Data were
acquired from rats with or without acetazolamide (ACZ) that was administered immediately following con-
trolled cortical impact injury to increase cortical LCBF. Local cerebral metabolic rate for glucose (LCMRglc)
and LCBF measurements were obtained 3 h post-trauma in the same rat via 18F-fluorodeoxyglucose and
14C-iodoantipyrine co-registered autoradiographic images, and compared to the density of damaged axonal
profiles in adjacent sections, and in additional groups at 24 h used to assess different populations of injured
axons stereologically. ACZ treatment significantly and globally elevated LCBF twofold above untreated-injured
rats at 3 h ( p < 0.05), but did not significantly affect LCMRglc. As a result, ipsilateral LCMRglc:LCBF ratios were
reduced by twofold to sham-control levels, and the density of b-APP-stained axons at 24 h was significantly
reduced in most brain regions compared to the untreated-injured group ( p < 0.01). Furthermore, early LCBF
augmentation prevented the injury-associated increase in the number of stained axons from 3–24 h. Additional
robust stereological analysis of impaired axonal transport and neurofilament compaction in the corpus callosum
and cingulum underlying the injury core confirmed the amelioration of b-APP axon density, and showed a
trend, but no significant effect, on RMO14-positive axons. These data underline the importance of maintaining
flow-metabolism coupling immediately after injury in order to prevent further axonal injury, in at least one
population of injured axons.
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Introduction

Clinical and experimental studies have demonstrated
that axonal injury is responsible for much of the mor-

bidity and mortality associated with traumatic brain injury
(TBI) (Adams et al., 1989; Christman et al., 1994; Grady et al.,
1993; Maxwell et al., 1993,1997). While it was once thought
that traumatically injured axons are mechanically severed at
the time of injury, it is now known that primary axotomy
rarely occurs (Maxwell et al., 1997), at least after lateral fluid
percussion injury (Singleton et al., 2002). Rather, in the
majority of cases, the primary mechanical insult provokes
secondary biochemical processes involving a transient, focal

disruption of the axolemma allowing for calcium influx
and the initiation of an enzyme cascade resulting in further
damage (Maxwell et al., 1995,1999; Pettus and Povlishock,
1996). The resulting mitochondrial swelling and/or injury
and disruption of axoplasmic transport can ultimately lead
to disconnection of swollen axons from their distal segment
(Buki et al., 1999b,2000; Maxwell et al., 1997; Okonkwo et al.,
1998), with either cell death, or simply neuronal atrophy in
more mild types of injury (Greer et al., 2011). While it is
known that the process of traumatic axonal injury (TAI)
evolves over a relatively long time course before axotomy
occurs (Maxwell et al., 1997), the mechanisms involved are
not well understood. Previous work has focused on the
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intermediate events that lead to TAI, such as mitochondrial
failure (Buki et al., 1999a,2000), and the downstream conse-
quence of Ca2 + influx in terms of calpain activation (Buki
et al., 1999b; Saatman et al., 1996,2003). Relatively little con-
sideration has been directed toward upstream pathophysio-
logical events such as circulatory and metabolic dysfunction
and their overall influence on the fate of damaged axons.

Regional or global alterations in cerebral blood flow (CBF)
have been reported after both clinical (Bouma and Muizelaar
1992; Bouma et al., 1991; Coles et al., 2002; Marion and White,
1991; Martin et al., 1997; Robertson et al., 1992) and experi-
mental brain injury (Bryan et al., 1995; Forbes et al., 1997;
Kochanek et al., 1995; Richards et al., 2001; Yamakami and
McIntosh 1991), although the early reductions in CBF typi-
cally tend to lie above the threshold classically associated with
ischemic brain injury. A number of studies have demon-
strated acute elevations in local cerebral glucose consumption
after clinical (Bergsneider et al., 1997) and experimental brain
injury (Sunami et al., 1989; Sutton et al., 1994; Richards et al.,
2001; Yoshino et al., 1991), representing raised metabolic de-
mand. In previous work we have described a state of marked,
region-specific uncoupling of local cerebral metabolic rate for
glucose (LCMRglc) and local cerebral blood flow (LCBF) at 3 h
after cortical contusion injury (Chen et al., 2004). The degree of
uncoupling and LCBF reduction in white matter regions were
strongly associated with the development of axonal injury,
indicating that secondary damage occurs in brain regions that
are subjected to an energy demand disproportionate to their
level of local perfusion. It is plausible, therefore, that pre-
serving the coupling between blood flow and metabolism,
and/or reversing possible traumatic vasospasm will interrupt
the injury cascade and prevent axotomy by relieving the local
bioenergetic stress that likely contributes to the development
of axonal injury. We use the term ‘‘uncoupled’’ throughout
this article to infer an altered LCBF:LCMRglc ratio in the brain
during baseline neuronal activity in the same way that the
term ‘‘mismatch’’ is used in the literature. However, we do
not imply that these parameters necessarily remain coupled
during neuronal activation.

The aim of this study was to test the hypothesis that aug-
menting LCBF in the acute stages after brain injury results in
an improved balance between LCBF and metabolic demand
so that, consequently, axonal injury is reduced at later time
points. To achieve this, LCBF was increased using acetazol-
amide (ACZ), a selective inhibitor of carbonic anhydrase that
increases LCBF via local tissue acidosis (Bickler et al., 1988).
Axonal injury was assessed through the use of b-amyloid
precursor protein (b-APP)-immunostained profiles, since ax-
onal accumulation of b-APP is recognized to be a sensitive
marker of traumatically induced axonal damage (Gentleman
et al., 1993; Stone et al., 2000). There is good evidence to
suggest that neurofilament compaction represents a different
population of damaged axons, and does not overlap with
impaired axonal transport in both neonatal and mature ro-
dent nervous systems (Marmarou et al., 2005; Stone et al.,
2004). Therefore, additional experiments were performed for
stereologic assessment of both impaired axon transport and
neurofilament compaction in order to provide a more com-
prehensive and robust analysis of any treatment effects
among these different populations of injured axons. We con-
fined these measurements to the corpus callosum, since we
have previously found that intra- and interhemispheric con-

nectivity is severely disrupted within this region in this model
(Harris et al., 2009). As such, any positive effects of treatment
within this region might potentially confer considerable
functional benefits.

Methods

Experimental protocol

Acetazolamide (ACZ, 150 mg kg - 1 in normal saline IP) or
vehicle was administered immediately after injury followed
by either: [1] laser Doppler analysis of cortical blood flow at
1–3 h post-injury to validate the ACZ-induced reduction in
perfusion (n = 3/group); [2] dual-labeled LCBF and LCMRglc
autoradiographic measurements together with immunohis-
tochemistry on adjacent sections for the early axonal injury
marker b-APP at 3 h (n = 6/group); [3] b-APP immunohisto-
chemistry staining at 24 h to determine the longer-term fate of
injured neurones (n = 6); or [4] unbiased stereological analysis
of both b-APP and neurofilament compaction (via RM014
immunostaining) at 24 h after injury (n = 8 and 6/group in the
ACZ and saline-vehicle groups, respectively).

In the interest of local animal-use policies that encourage
reduction of the number of animals used for experimentation,
the effect of treatment in studies 2 and 3 was determined by
comparison to prior data (Chen et al., 2004) from untreated
injured rats at 3 h and 24 h after injury, and from sham-
operated rats (n = 6/ group). Importantly, with the exception
of the stereologic data (Fig. 7), all surgeries, quantification of
all autoradiographic data (Figs. 3–5), and b-APP data acqui-
sition (Fig. 6) from ACZ-treated rats reported here were ac-
complished concurrently with previous data acquired from
injured and sham-injured rats. Thus, although some sham/
injury data are reused here, the interleaved fashion with
which all group data were originally acquired makes them
appropriate control groups and ensures that statistical com-
parisons are valid. All stereologic data (Fig. 7) were newly
acquired and were not compared to any prior control data.

Surgical procedures

All study protocols were approved by the United Kingdom
Animals Scientific Procedures Act, 1986, and by the Uni-
versity of California–Los Angeles (UCLA) Chancellor’s Ani-
mal Research Committee, and the Public Health Service
Policy on Humane Care and Use of Laboratory Animals.
Cannulae were inserted into the left femoral artery and right
femoral vein of male Sprague-Dawley rats (261 – 6 g body
weight) anesthetized with 2% isofluorane in O2 flowing at 0.8
L/min. The method for induction of cortical contusion impact
(CCI) injury was performed in the manner previously de-
scribed (Chen et al., 2003,2004). Briefly, following reduction of
anesthesia to 1–1.5% isofluorane and 0.8/0.4 L/min N2O/O2,
a 2.5-mm-diameter piston was advanced through a 5-mm
craniotomy (0.5 mm posterior to the coronal suture and 3 mm
left-lateral to the sagittal suture) and onto the brain at 4 m/sec
to a deformation depth of 2 mm below the dura. The bone flap
was immediately replaced and sealed and the scalp was su-
tured closed. In the 24-h survival group, the rats were placed
in a heated cage to maintain body temperature while recov-
ering from anesthesia, and soluble paracetamol (1 mg/mL;
Cox Pharmaceuticals, Barnstaple, Devon, U.K.) was admin-
istered in the drinking water post-operatively. Rats in the 3-h

1470 HARRIS ET AL.



survival group were maintained under anesthesia until the
termination of the experiment. Blood gases and plasma glu-
cose were measured before and 2 h after treatment (Table 1).
Body temperature was monitored throughout surgery by a
rectal probe and maintained at 37.0 – 0.5�C using a heated pad
(Harvard Apparatus Ltd., Edenbridge, Kent, U.K.).

Validation of the CBF response to acetazolamide

The ACZ-induced rise in LCBF was validated in a another
group of injured rats (n = 6) by laser Doppler flowmetry. The
purpose was twofold: to determine the optimal dose of ACZ
to produce a significant rise in LCBF, and to determine the
dose that would ensure a sustained increase for at least 3 h.
Immediately after injury, the rats were positioned in a ste-
reotaxic frame and a small burr hole was made in the skull
over the homologous parietal cortex, contralateral to the
center of the contusion. A laser Doppler probe (needle-
shaped, 0.8 mm; Moore Instruments, Axminster, Devon, U.K.)
mounted on a micromanipulator was used to monitor LCBF.
Care was taken to obtain flow readings only from areas free of
large pial vessels. After stabilizing LCBF, the animals were
given intraperitoneal ACZ (Wyeth, Madison, NJ) at 100 mg/
kg - 1 (n = 3), or 150 mg/kg - 1 (n = 3), and LCBF and arterial
blood pressure were continuously monitored for 3 h.

LCMRglc and LCBF by autoradiography

The procedures used to determine LCMRglc and LCBF
were the same as previously described (Chen et al., 2004).
Briefly, 30 MBq of 18F-fluorodeoxyglucose (FDG; *0.5 mL)
was injected into the femoral vein 2 h and 15 min after the
injury, and timed arterial samples (50 lL) were collected over
45 min through the catheterized femoral artery into micro-
capillary tubes. After collection of the last arterial sample at
3 h after injury, 925 KBq of 14C- iodoantipyrine (14C-IAP; To-
cris Cookson, Bristol, U.K.) was infused intravenously over
60 sec using a ramped infusion, and arterial blood samples
were collected onto filter paper every 3 sec. Following de-
capitation, the brain was rapidly excised, frozen in dry ice-
cooled isopentane, and subsequently sectioned at 20 lm in a
cryostat. Brain and plasma 18FDG and 14C-IAP concentrations
were determined using a phosphor-imager (Cyclone; Perki-
nElmer Life Sciences Ltd., Cambridge, U.K.) as described
previously (Chen et al., 2004).

Image analysis

Region-of-interest (ROI) data were obtained from
LCMRglc and LCBF images that were co-registered using a

mutual information algorithm implemented as previously
described (Chen et al., 2004). ROIs were anatomically defined
on adjacent, co-registered, cresyl violet-stained sections at the
level - 2.80 mm from the bregma within the following brain
regions: contusion core, contusion margin, CA1, CA3, dentate
gyrus, dorsal thalamus, cingulum, corpus callosum, external
capsule, and internal capsule (Fig. 1). LCMRglc values were
determined using the operational equation using appropriate
K1, K2, and K3 values for FDG: respectively, 0.33, 0.76, and
0.14 min- 1 for grey matter, and 0.15, 0.40, and 0.04 min - 1 for
white matter (Ingvar et al., 1991). A lumped constant of 0.6 was
used (Lear and Ackermann, 1989).

Immunohistochemistry

Frozen sections adjacent to the autoradiographically-ana-
lyzed sections at 3 h and the corresponding sections from
brains at 24 h not used for autoradiography were processed for
immunohistochemistry using rabbit anti-b-APP C-terminus
polyclonal antibody (1:500; Zymed Laboratories, San Francis-
co, CA). To ensure antibody specificity, the primary antibody
was omitted in control studies. Sections were quenched with
3% hydrogen peroxide in 10% methanol, blocked in 3% nor-
mal goat serum (NGS; Dako, Cambridge, U.K.) with 0.2%
Triton X-100 and phosphate-buffered saline (TXTBS; Sigma-
Aldrich, Poole, Dorset, U.K.), and incubated overnight at
room temperature in the primary antibody in TXTBS con-
taining 1% NGS. Primary antibody was detected using bio-
tinylated secondary antibody (biotinylated anti-rabbit IgG) at
a concentration of 1:200 in Trizma-buffered saline (TBS) with
1% NGS, followed by horseradish peroxidase-conjugated
streptavidin (Dako). The enzyme reaction was visualized
using diaminobenzidine (DAB; Dako).

Additional groups of rats for stereology were transcardially
perfusion-fixed with saline followed by 4% paraformalde-
hyde at 24 h after injury. Brain sections were processed for

FIG. 1. A brain atlas coronal section (Paxinos and Watson,
1997) illustrating the core contused region (hatched area) at
- 2.80 mm to the bregma. Measurements for LCMRglc and
LCBF and the density of b-APP-immunoreactive profiles
were determined in the following regions of interest: (1)
contusion core, (2) pericontusion margin, (3) cingulum, (4)
corpus callosum, (5) external capsule, (6) internal capsule,
(7) CA1, (8) CA3, (9) dentate gyrus, and (10) dorsolateral
thalamus (LCBF, local cerebral blood flow; LCMRglc, local
cerebral metabolic rate for glucose; b-APP, b-amyloid pre-
cursor protein).

Table 1. Physiological Data Before and After

Injection of 150 mg/kg Acetazolamide

Variable Before injection After injection (2 h)

Po2 (mm Hg) 130 – 1.4 128 – 1.7
Pco2 (mm Hg) 39 – 0.6 59 – 1.3{

Plasma glucose
(mg/dL)

108 – 3.5 114 – 3.3

{p < 0.05.
Values are mean – standard error of the mean.
Pco2, partial carbon dioxide pressure; Po2, partial oxygen

pressure.
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double immunofluorescence using anti-APP and anti-neuro-
filament M (RMO.14) antibody (Invitrogen, Carlsbad, CA).
Briefly, coronal 50-lm sections 600-lm apart were incubated
in 10 M sodium citrate buffer (pH 6.0) overnight at 4�C, and
then heated in a water bath at 95�C 2 · 10 min with a 10-min
cool down. The sections were then washed 3 · 5 min in
phosphate-buffered saline (PBS), blocked with 10% NGS in
PBS for 60 min, and co-incubated in primary antibodies (1:150
RMO14 and 1:500 APP with 5% NGS in PBS) overnight at
room temperature on a shaker. On the following day, the
sections were washed 3 · 5 min with PBS and co-incubated in
secondary antibodies (1:500 goat anti-rabbit IgG Alexa-Fluor
488 and 1:500 goat anti-mouse IgG Alexa-Fluor 555 with 5%
NGS in PBS) for 1 h. Finally, the sections were washed 3–5 min
with PBS, mounted with mounting medium with DAPI, and
the slides were sealed with nail polish. Prior to quantitative
structural analysis, representative sections from each brain
were examined under DAPI illumination and assessed for
primary damage to the corpus callosum or cingulum. In order
to analyze the same region of white matter by stereology in
each brain, only brains in which the white matter was grossly
intact and did not contain the contusion border were ana-
lyzed further.

Axonal pathology and contusion volume

Axon pathology was first quantified on b-APP-stained,
frozen sections adjacent to the autoradiographically-
analyzed sections at the level–2.80 mm from the bregma,
using a light microscope interfaced with an image analysis
system (Olympus computer assisted stereological toolbox-
grid system; Olympus, Sikelborg, Denmark). Profiles were
identified as dark brown, elongated, or circular processes of
retraction balls/bulbs, or reactive processes as shown pre-
viously (Chen et al., 2004). The number of b-APP axonal
profiles was counted at a magnification of 40 · on five ran-
domly-positioned 276-lm2 fields of view within those ROIs
analyzed for LCMRglc and LCBF autoradiograms (Fig. 1).

In order to determine whether acute interventions to alter
flow-metabolism coupling differentially affected injured
axon populations, as determined by impaired axonal trans-
port or neurofilament compaction, we used unbiased stere-
ology to estimate the number of b-APP- and RMO-positive
profiles at 24 h within the white matter underlying the con-
tusion. The optical fractionator method (StereoInvestigator;
MicroBrightfield, Williston,VT) was used to count either
the number of single-labeled axons positive for b-APP, RMO,
or b-APP/RMO double-labeled axons under epifluore-
scent illumination. b-APP-positive profiles were identified as
elongated or circular processes of retraction balls/bulbs.
RMO14-positive profiles were identified as thin and elon-
gated, or displaying vacuolization. Counts were performed
using a 150 · 150-lm counting grid at 400 · magnification,
on 5 sections/brain, 600-lm apart, between 2 and - 2 mm
from the bregma, within the ipsilateral corpus callosum and
cingulum that was outlined under DAPI illumination as a
single ROI on each section from the midline to the level of the
rhinal fissure ventrolaterally. Axon profile counts were then
made within the contour at wavelengths specific for b-APP
and RMO fluorophore-tagged illumination (Fig. 7A–E). An
estimate of the volume of cortical grey and white matter
tissue loss was made by contouring the outline of the re-

maining ipsilateral versus contralateral cortical grey matter
and underlying corpus callosum, from the midline to the
rhinal fissure on all sections analyzed for axon pathology
using DAPI-stained sections. The volume of tissue remain-
ing was estimated on each cortical hemisphere by summing
the contoured areas, and multiplying by the distance be-
tween sections. The amount of ipsilateral cortical volume
loss was then calculated as the cortical volume difference
between hemispheres, expressed as a percentage of contra-
lateral cortical volume.

Statistical analysis

Physiological variables were compared before and after
ACZ administration using a paired test. Cerebrovascular
laser-Doppler post-injection LCBF data were tested for a
group-level difference using a two-way repeated-measures
analysis of variance (ANOVA). For all autoradiographic ROI
parameters measured, differences between ACZ-treated, un-
treated-injured, and sham-control groups were tested for
with a one-way ANOVA and corrected for multiple com-
parisons using the False Discovery Rate (FDR) approach
(Benjamini and Hochberg, 1995; Chen et al., 2004). Herein,
when significance was reached with the FDR, we have quoted
the original probability levels that were obtained by the t-test
( p < 0.05, 0.01, 0.001). Autoradiographic data are graphically
represented by normalization to sham-control values, and the
absolute values for all groups are shown in Table 2, although
for clarity and space, contralateral values are not shown for
any group. An unpaired t-test was used to test for differences
for all stereology data, after confirming original pilot data that
predicted a greater than nominal 80% statistical power for
determining group differences.

Results

Acetazolamide increases cortical LCBF for > 3 h

We first investigated a suitable dose of ACZ for increasing
LCBF for a sustained period. Using laser Doppler flowmetry,
we monitored LCBF contralateral to the injury site before,
during, and after ACZ administration. We found that a higher
dose (150 mg/kg - 1) produced a sustained increase in LCBF,
to 237 – 24% above baseline between 1 and 2 h after injection,
which remained around 200% of baseline until 3 h (Fig. 2,
p < 0.05). In comparison, a lower dose (100 mg/kg - 1) had very
little effect, resulting in only a 10% increase in the first 2 h, and
returning to normal by 3 h. Therefore the higher ACZ dose
was used in all further studies. As expected, ACZ treatment
significantly increased blood Pco2, but had no other effect on
the measured blood physiological parameters (Table 1) or on
arterial blood pressure (125 – 4 versus 119 – 4 mm Hg before
and after injection, respectively).

Acetazolamide increases LCBF globally after injury

We next investigated the effect of ACZ on LCBF more
globally using autoradiography. We found that acute ad-
ministration of ACZ resulted in a profound effect on both grey
and white matter LCBF (Fig. 3A and B). The decrease in ip-
silateral LCBF normally associated with injury was signifi-
cantly attenuated by ACZ administration; there was a global
increase in LCBF above untreated-injured group values when
measured at 3 h after injury (Fig. 3A–C; Table 2). Ipsilateral
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LCBF levels in ACZ-treated rats were significantly elevated
above those of untreated-injured rats in a number of impor-
tant areas, including the pericontusional margin, thalamus,
corpus callosum, and internal capsule ( p < 0.05, Fig. 3C), such
that values were not significantly different from sham-control
levels. Even within the external capsule and cingulum, LCBF
values were trending close to, or above sham values. On
average, LCBF values in the ACZ group were 88% and 68%
higher in the ipsilateral and contralateral hemispheres, respec-
tively, compared with the untreated-injured group. Contra-
lateral LCBF in untreated-injured rats was not significantly
different from sham-control rats as shown by the closeness of
values to the 100% sham-injured line (Fig. 3C), and ACZ-
treatment resulted in levels that were 50–125% above normal
in 9 of 10 structures examined (Fig. 3C; Table 2).

Brain LCMRglc is unaffected by acetazolamide

Next we examined the effect of ACZ administration on
LCMRglc values in the same rats assessed for LCBF using
dual-probe autoradiography. We found that unlike the effect
on LCBF values, acute ACZ resulted in no significant effect on
LCMRglc in any brain region examined (Fig. 4A–C). There
was a trend towards reduced LCMRglc values throughout
most of the brain (Fig. 4C), and this was especially notable in
hippocampal regions, where levels are normally elevated in
injured-untreated rats in the initial post-injury period (Fig. 4A
versus 4B; Table 2). While on average LCMRglc values in the
ACZ group were reduced by 15% and 11% in the ipsilateral
and contralateral hemisphere, respectively, when compared
with the untreated-injured group, variability among indi-
vidual treated rats resulted in no significant difference within
the individual structures when compared with the untreated-
injured group (Fig. 4C).

LCMRglc:LCBF ratio is normalized by acetazolamide

By computation of the metabolism:flow ratio of LCMRglc:
LCBF from the co-registered, parametric autoradiographic
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FIG. 2. Laser Doppler flow measurements of local cerebral
blood flow (LCBF) over the contralateral parietal cortex im-
mediately after injury, before, and after injection of acet-
azolamide (100 mg/kg - 1, open symbols; and 150 mg/kg - 1,
closed symbols). Data are expressed relative to pre-injection
levels. Values are means – standard error; n = 3 per group).
Difference between the groups was significant ( p < 0.05).
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datasets, we found that there was a significant uncoupling,
or mismatch, between flow and metabolism in untreated rats
at 3 h post-injury compared to sham-injured animals. There
was a significant rise in this ratio (i.e., metabolism > flow)
throughout most structures of the ipsilateral hemisphere,
particularly in the pericontusion margin, where it was in-
creased by up to 217% (Fig. 5A–C; Table 2). However, we
found that ACZ administration significantly reduced this
ratio, mostly through an increase in LCBF, but also due to
smaller decreases in LCMRglc. This occurred throughout most
of the brain compared to untreated-injured rats ( p < 0.05), so
that values were similar to the sham-injured group; for exam-
ple, metabolism:flow was reduced by 71% in the pericontusion
margin compared to the untreated-injured group ( p < 0.01).
Although there was no effect of ACZ in the contusion core and
internal capsule, these regions were not significantly affected
by injury compared to sham-injured rats (Figs. 3C and 5C).

Accumulation of b-APP is attenuated by acute
improvements in LCBF

We next investigated whether acute ACZ administration to
reduce early cerebrovascular dysfunction has a beneficial ef-
fect by preventing ongoing axonal injury. We found that the
anatomical localization and the morphology of individual b-
APP-immunopositive axonal foci in the ACZ-treated groups
were similar to those in the untreated-injured group (Fig. 6A).
The burden of axonal injury was confined closer to the injury

site around the cingulum and corpus callosum, with less
damage in more remote structures such as the thalamus.
Semi-quantitative assessment of b-APP profiles in frozen
sections adjacent to those used for autoradiography at 3 h
after ACZ administration revealed no significant differences
from the untreated-injured group in all structures apart from
the thalamus, where there was a significant reduction
( p < 0.01; Fig. 6B). However, at 24 h after ACZ, the mean
densities of b-APP profiles significantly decreased in the cin-
gulum ( p < 0.001), the posterior corpus callosum ( p < 0.01), the
contusion margin ( p < 0.01), and the thalamus ( p < 0.01), when
compared to the untreated-injured group. Apart from the
contusion margin, ACZ treatment prevented further axonal
injury since there was no significant difference in the mean
density of b-APP from 3 to 24 h in any white or grey matter
region examined ( p < 0.05).

Acute increases in LCBF may not protect all injured
axonal populations equally

In a separate cohort of rats at 24 h after injury, we examined
whether the positive effects of ACZ treatment extended to
neurofilament-compacted, RMO14-positive, injured axons, as
well as those b-APP-positive axons that were at risk of injury
due to dysfunction in fast axonal transport. One ACZ-treated
injured rat and two vehicle-treated rats were not analyzed
cohort due to gross structural damage to the corpus callosum
that would have introduced bias into the stereologic analysis.

FIG. 3. Representative local cerebral blood flow (LCBF) parametric maps from an injured untreated (A) and an acetazol-
amide (ACZ)-treated rat (B) at 3 h after injury, and (C) bar graphs of quantified contralateral and ipsilateral LCBF values (as
percentages of the corresponding sham control region of interest [ROI] values) in untreated-injured (open bars), and ACZ-
treated rats (solid bars), at 3 h post-trauma in grey and white matter (shaded area) brain regions. Administration of ACZ
resulted in a global increase in LCBF that was maintained in both grey and white matter regions until 3 h post-injury (A
versus B). LCBF values were significantly increased bilaterally in most regions of the brain compared to untreated, injured
rats, such that values were similar to or above those in sham-injured rats (horizontal line). Data are plotted as
means – standard error of the mean; *p < 0.05, **p < 0.01 corrected for multiple comparisons; Core, contusion core; Marg,
pericontusion margin; Cing, cingulum; Thal, thalamus; CC, corpus callosum; EC, external capsule; IC, internal capsule; DG,
dentate gyrus). Color image is available online at www.liebertonline.com/neu
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Despite this reduction in group sizes (n = 7 and 4, in ACZ and
vehicle-treated injured groups, respectively), the statistical
power calculated by group comparisons was greater than
80%, so any differences most likely would be detectable.
Consistent with previously reported data, we found that there
was no overlap between RMO14- and b-APP-positive pro-
files, so they can be considered as two distinct populations of
injured axons (Fig. 7B). Stereological analysis of perfusion-
fixed sections of the cingulum and corpus callosum underly-
ing the injury core (Fig. 7A) revealed a significant reduction in
the number of b-APP-positive profiles in the ACZ-treated
group compared to vehicle-treated animals (Fig. 7C and D,
and E and F; p < 0.01). This is in agreement with the less ro-
bust, but more global analysis of reduced b-APP profiles in
ACZ-treated injured rats, performed in frozen sections adja-
cent to the autoradiographic sections, within ROIs that ex-
hibited LCMRglc:LCBF ratios similar to sham-control animals
(Fig. 6). However, we also found that early intervention did
not robustly normalize microstructural axon damage as in-
dicated by RMO14 staining. Although the number of RMO14-
positive axons, an indicator of neurofilament compaction,
was reduced in the ACZ-treated group compared to vehicle-
treated animals, this difference did not reach significance.
Finally, we determined whether ACZ treatment prevented
expansion of the lesion. Estimates of ipsilateral cortical grey
and white matter volume loss as a percentage of the contra-
lateral cortex of the 5 sections used for assessment of axon
pathology showed that there was no difference (9.1 – 2.3%

and 9.8 – 2.5% in the saline-treated and ACZ-treated groups),
indicating that at least at 24 h after injury, axonal sparing
did not occur commensurate with the reduction in cortical
atrophy.

Discussion

In this study, we have shown that the administration of
ACZ immediately following CCI injury results in a significant
increase in post-traumatic LCBF, but no significant change in
LCMRglc. The net result is to diminish the pronounced un-
coupling (i.e., when metabolism > blood flow) that otherwise
occurs during the acute stage of injury. In the same brain
regions that acutely exhibited more normal levels of flow/
metabolism as a consequence of the ACZ intervention, the
development of impaired axonal transport and delayed ax-
otomy between 3 and 24 h was attenuated, as indicated by a
significant reduction in b-APP immunoreactivity at 24 h when
compared to vehicle-treated, injured rats. Although this in-
tervention did result in a trend toward less neurofilament
compaction in an entirely separate population of injured ax-
ons, this was variable and did not reach significance.

Reduction of flow/metabolism uncoupling acutely
prevents further injury in b-APP axons

The present results extend our previous investigations ob-
tained in rats studied at 3 h after the same CCI injury (Chen
et al., 2004), for which moderate hypoperfusion in the

FIG. 4. Representative local cerebral metabolic rate for glucose (LCMRglc) parametric maps from an injured, untreated (A)
and acetazolamide (ACZ)-treated rat (B) at 3 h after injury, and (C) bar graphs of quantified contralateral and ipsilateral
LCMRglc values (as percentages of the corresponding sham control region-of-interest [ROI] values) in untreated-injured
(open bars) and ACZ-treated rats (solid bars) at 3 h post-trauma in grey and white matter (shaded area) brain regions. Despite
the observation that injury-induced hyperglycolysis (the high LCMRglc values in A) was often normalized by ACZ (A versus
B), wide variability between animals (e.g., ipsilateral and marginal zone, C) resulted in the finding that there was no
significant effect of ACZ treatment on LCMRglc in any brain region measured. Data are plotted as means – standard error of
the mean; the horizontal line represents sham-injured values (Core, contusion core; Marg, pericontusion margin; Cing,
cingulum; Thal, thalamus; CC, corpus callosum; EC, external capsule; IC, internal capsule; DG, dentate gyrus). Color image is
available online at www.liebertonline.com/neu
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ipsilateral hemispheric coexisted with a paradoxically normal
or increased metabolic rate for glucose, resulting in regions of
marked metabolism > flow dissociation (i.e., uncoupling).
This previous work demonstrated that early uncoupling was
a regionally-specific process affecting predominantly the
contusion margin, ipsilateral hippocampus, thalamus, cin-
gulum, and corpus callosum, and that in white matter regions
the degree of uncoupling was positively associated with the
development of axonal injury. Although the degree of LCBF
reduction did not reach levels typically associated with en-
ergy failure (Hossmann, 1994) it occurred during a period
when the brain was experiencing an increased energy de-
mand in the same areas, so that the metabolic stress that de-
velops may be regarded as an important factor contributing
to the development of axonal injury. In the present study,
ACZ administration markedly ameliorated the early meta-
bolic stress attributable to post-injury metabolism-blood flow
uncoupling, and prevented further injury among the b-APP-
stained population of injured axons.

Although not directly related to the issue of axonal injury,
work in other laboratories supports our findings that normal-
ization of early flow-metabolism uncoupling might contribute
to neuroprotection. A significant reduction in contusion size
and/or improvement in neurological function after experi-
mental TBI was attained by reducing the initial uncoupling,
or attenuating the CBF reduction, by early administration of
either high-dose human albumin therapy (Belayev et al.,

1999; Ginsberg et al., 2001), a nitrone radical scavenger
(Marklund et al., 2002), a low dose of ethanol (Kelly et al.,
1997, 2000), or L-arginine (Cherian et al., 1999), or an oxygen
radical scavenger (Hamm et al., 1996; Muir et al., 1995).
However, in contrast to these studies, post-traumatic hypo-
thermia resulted in a near doubling of the LCMRglc:LCBF
ratio at 6 h after fluid percussion injury (Zhao et al., 1999), a
paradoxical decrease in neurofilament-stained axons at 24 h
after rat contusion injury (Marion and White, 1996), and
improved sensorimotor and cognitive behavior at later time
points (Bramlett et al., 1995). Taken together, these obser-
vations suggest that early flow-metabolism uncoupling
contributes significantly to the injury process, while un-
coupling at more chronic time points may not endanger ce-
rebral recovery. It will be important to define the extent of
this critical period during which the maintenance of flow-
metabolism coupling after injury is absolutely required in
order to prevent further axonal damage, in different species
including humans.

Mechanism of action of improved flow-metabolism

The mechanism whereby normalizing flow-metabolism
uncoupling provides neuroprotection is uncertain. It is likely
that early reductions in the metabolic stress attributed to re-
ducing post-traumatic uncoupling helps to prevent the onset
of axolemmal permeability change, calcium influx, and

FIG. 5. Representative parametric maps from an injured, untreated (A) and acetazolamide (ACZ)-treated rat (B) at 3 h after
trauma for the calculated ratio of LCMRglc: LCBF. The ratio between flow and metabolism was decreased globally by ACZ
(B), and this extended to the pericontusion margin (arrows). (C) Bar graph demonstrating ipsilateral LCMRglc:LCBF ratio
values (as percentages of the corresponding sham-control region-of-interest [ROI] data) in untreated-injured (open bars) and
ACZ-treated rats (solid bars) in grey and white matter (shaded area) brain regions. ACZ significantly reduced the ratios in
most regions of the ipsilateral hemisphere, including the pericontusion margin. Data are plotted as means – standard error of
the mean; the horizontal line represents sham-injured values. (Core, contusion core; Marg, pericontusion margin; Cing,
cingulum; Thal, thalamus; CC, corpus callosum; EC, external capsule; IC, internal capsule; DG, dentate gyrus;
LCMRglc:LCBF, local cerebral metabolic rate for glucose:local cerebral blood flow ratio). Color image is available online at
www.liebertonline.com/neu
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mitochondrial damage, all of which are considered to play
pivotal roles in initiating progressive axonal changes (Max-
well et al., 1997). It is conceivable that the mechanism through
which ACZ improves axonal outcome is by a blood flow-
mediated improvement in both oxygen availability (through
both substrate delivery and as a function of ACZ-induced,
pH-mediated alterations in the hemoglobin dissociation
curve), and a reduction in the concentration of excitotoxic
agonists, such as glutamate and potassium ions, similar to
that observed after ischemia-reperfusion (Harris et al., 2000).
This dual effect would reduce the energy deficit by decreasing
glycolytic metabolism in favor of more efficient energy pro-
duction via oxidative metabolism, while also relieving energy
demand by decreasing excitotoxic-induced membrane depo-
larization. Within the current paradigm, the net effect might
be measured as a reduction in LCMRglc, and although not

significant, the present results do demonstrate a global trend
towards a reduction in LCMRglc with ACZ treatment. If
values for cerebral metabolic rate of oxygen use were avail-
able, it might be reflected in an improvement in the metabolic
ratio, the molar ratio of oxygen to glucose use. In support of
this, hyperbaric oxygen therapy has been shown to prevent
ischemia-induced cell death (Yang et al., 2001), presumably
by either improvement of oxidative metabolism by supplying
mitochondria with more oxygen, or by oxygen-enhanced re-
perfusion. Hyperbaric oxygen therapy in brain-injured pa-
tients had similar cerebrovascular effects to those discussed
above—acutely increased CBF and cerebral metabolic rate of
oxygen (CMRO2) and, together with a reduced CSF lactate
concentration, this indicates enhanced oxidative metabolism
(Rockswold et al., 2001). However, most importantly, neuro-
logical outcome was not addressed in that study, which

FIG. 6. (A) High-power views showing b-APP immunoreactivity in different ipsilateral brain regions at 1 day after injury in
ACZ-treated animals compared with sham-control and untreated-injured animals. Note that the number of damaged im-
munoreactive axons (arrows) was significantly reduced in ACZ-treated animals compared with untreated-injured animals
(scale bar = 20 lm). (B) Bar graph of the mean densities of immunopositive profiles displaying b-APP immunoreactivity in
ACZ-treated (solid bars) and untreated-injured rats (open bars) at 3 and 24 h after trauma. There was a significant decrease in
the number of b-APP-immunopositive damaged axons in the cingulum, corpus callosum, pericontusion margin, and thal-
amus in the ACZ group at 24 h. Data are plotted as means – standard error of the mean (Marg, pericontusion margin; Cing,
cingulum; Thal, thalamus; CC, corpus callosum; EC, external capsule; IC, internal capsule; ACZ, acetazolamide; b-APP, b-
amyloid precursor protein).
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largely precludes drawing any conclusions about the efficacy
of any therapeutic benefit.

There is evidence to suggest that the brain is able to utilize
alternative metabolic substrates under conditions of energy
crisis, for example, lactate and pyruvate (Chen et al., 2000;
Moro and Sutton, 2010; Schurr et al., 1999). A therapy aimed

at increasing blood flow to the contused brain would most
likely increase the availability of these substrates to tissues in
metabolic crisis, which could increase energy production
through oxidative metabolism and thus reduce the depen-
dence on glycolysis, which is already increased in the acute
stages of injury (Yoshino et al., 1991). The axolemma can

FIG. 7. (A) Representative coronal montages of b-APP immunostaining within the corpus callosum and cingulum under the
impact zone ipsilaterally at 24 h in a vehicle-treated rat demonstrating the contoured region in which the stereological analyses
were performed. (A‘) A montage image of the corresponding contralateral hemisphere montage of the same vehicle-injured rat
showing an absence of b-APP immunostaining in the white matter (contoured area). (B) Representative high-power images
showing positive staining for b-APP (green), and RMO14 (red) in the corpus callosum of a vehicle-treated, injured rat at 24 h.
Consistent with previously reported results, there is no overlap between staining, which suggests that impaired axonal transport
and neurofilament compaction may be occurring in either different populations of axons, or in different parts of the same axon. (C
and D) Representative high-power confocal z-stack images of the corpus callosum underlying the injury core immunostained for b-
APP (green) and RMO14 (red) from (C) a vehicle-treated injured rat, and (D) an ACZ-treated injured rat. Bulb-like swelling and
punctate profiles (arrowheads) are associated with b-APP-positive axons. RMO14-positive axons are thin and elongated or display
vacuolization (arrows). Note the overall decrease in the amount of positive staining for both b-APP and RMO14 in ACZ compared
to vehicle animals (scale bars = 10 lm). (D‘) A representative b-APP/RMO14 image of the contralateral corpus callosum of a
vehicle-injured rat acquired with the same acquisition parameters (gain/offset) as the other high-powered images. The absence of
RMO14-positive profiles in this region indicates that axonal injury is specific to the ipsilateral callosum at this post-injury time
point. Bar graphs of the stereologically-estimated number of ipsilateral (E) b-APP, and (F) RMO14-positive axons in saline vehicle-
treated (SAL, open bars), and ACZ-treated (ACZ, solid bars) at 24 h post-injury as determined by stereology. Data are plotted as
means – standard error of the mean, and individual data from each rat are over-plotted (closed dots; **p < 0.01; ACZ, acetazol-
amide; b-APP, b-amyloid precursor protein). Color image is available online at www.liebertonline.com/neu
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continue to leak for several hours after injury, and this is
likely to be associated with continued calcium influx, cal-
pain-mediated spectrin proteolysis, and subsequent modi-
fication of the axolemma, contributing to an exacerbated
axolemmal leak (Povlishock and Pettus, 1996). Perhaps by
maintaining flow-metabolism coupling in the first few hours
after trauma, this damaging cascade of reactions is blunted,
allowing the axolemma to reseal and thereby restoring
axon integrity, and quite possibly neuronal function. New
evidence suggests that after mild brain injury without con-
tusion, diffuse axon injury as indicated by b-APP immuno-
reactivity results in neuronal atrophy and not cell death
(Greer et al., 2011). It will therefore be of interest in future
studies to determine whether early intervention to reduce
flow/metabolism uncoupling can prevent this type of pa-
thology, and whether functional benefits result.

Another possibility to explain the improvements in out-
come among b-APP-stained axons in this study is that there
was a direct neuroprotective effect of ACZ. However, to our
knowledge, the main effect of ACZ is to inhibit carbonic an-
hydrase, thus resulting in CO2 retention and concomitant pH
reduction (Bickler et al., 1988). There is no evidence that this
substance exerts any direct cytoprotective effect, and our data
showing no reductions in tissue atrophy in the ACZ group
tends to supports this. Furthermore, the abundance of evi-
dence that demonstrates normalized uncoupling through
other treatments leading to good outcomes (Belayev et al.,
1999; Ginsberg et al., 2001; Kelly et al., 2000), tend to support
the idea that further injury is prevented by reducing local
metabolic stress through a cerebrovascular effect.

Restoration of flow/metabolism coupling may not
protect different populations of injured axons equally

Treatment to normalize uncoupling did not prevent some
axonal injury b-APP from developing at 3 h, despite prompt
treatment. While intravascular rather than intraperitoneal
administration of ACZ might have prevented this to some
extent by producing an immediate rise in blood flow, it is
likely that at least some axons are irretrievably damaged after
the initial insult and are not amenable to any type of treat-
ment. Manipulation of LCBF after brain injury can lead to an
intracerebral ‘‘steal’’ phenomenon, a paradoxical decrease in
flow in susceptible areas (Harris et al., 2001), and this could
exacerbate axonal injury in the current model. However, there
was a relatively global effect of ACZ on LCBF and the
LCMRglc:LCBF ratio in the current data, with no negative
effects in the contusion core or margin, regions that may be
particularly vulnerable to LCBF steal. Of paramount impor-
tance for any potential therapy is the ability to enhance
functional outcome so that an experiment designed to assess
motor recovery using the same treatment protocol merits
consideration in future studies.

The finding that despite normal flow metabolism, the
number of neurofilament-compacted neurons and the degree
of tissue atrophy was not significantly ameliorated 24 h later,
suggests that this intervention alone might not be sufficient to
prevent injury among all populations of injured axons. This
could well relate to the severity of the axon injury; axotomy
can be rapid (Kelly et al., 2006), so that later measurements of
tissue atrophy and neurofilament compaction might well
show a beneficial effect of intervention. The absence of a sta-

tistically significant effect of intervention among this popu-
lation of axons might also relate to their myelination status,
because although findings similar to the current study have
been reported using the calcineurin inhibitor FK506 after
impact acceleration injury (Marmarou and Povlishock,
2006), this was later shown to be most efficacious in unmy-
elinated axons (Reeves et al., 2007). Blocking the mitochon-
drial pore using cyclosporin A after injury was shown to
significantly attenuate neurofilament compaction, possibly
by enabling the restoration of ionic and metabolic homeo-
stasis (Buki et al., 1999a). This underscores the idea that a
combination of therapies are required to blunt the multi-
faceted nature of axonal pathology after TBI. Despite the
absence of a significant effect on both populations of axons, it
should be noted that the relationship between b-APP- and
RMO14-immunoreactive markers of axonal pathology after
TBI has not been entirely resolved. For example, the degree of
phosphorylation (i.e., injury-induced dephosphorylation) of
neurofilament side arms may greatly influence the effect on
axonal transport (Nixon et al., 1994a,1994b), and hence the
accumulation of b-APP protein; yet the two pathologies remain
in different injured axon populations after TBI (Stone et al.,
2004). This might indicate that the antibodies are insensitive to
less severe axonal injury, and indeed, it has been suggested that
cytoskeletal compaction of axons is spread over much greater
distances when assessed by silver staining (Gallyas et al., 2002)
compared to other studies using RMO14 antibody.

In summary, this study provides quantitative evidence that
augmentation of LCBF to prevent uncoupling early after ex-
perimental trauma is neuroprotective by preventing second-
ary injury in at least one population of injured axons. Our
previous study demonstrated that the development of sec-
ondary TAI was likely to be related to the degree of the initial
LCBF reduction and flow-metabolism uncoupling, and we
now provide evidence that post-injury circulatory and meta-
bolic dysfunctions contribute to delayed axonal injury. These
findings demonstrate the importance of maintaining flow-
metabolism coupling early after injury as one therapeutic
target for blunting the secondary cascade of reactions that
lead to axonal injury.
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