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Abstract

Posterior cingulate/retrosplenial cortex (PCC) hypometabolism is a common feature in amnestic
mild cognitive impairment and Alzheimer’s disease. In rats, PCC hypometabolism induced by
mitochondrial dysfunction induces oxidative damage, neurodegeneration and memory deficits.
USP methylene blue (MB) is a diaminophenothiazine drug with antioxidant and metabolic-
enhancing properties. In rats, MB facilitates memory and prevents neurodegeneration induced by
mitochondrial dysfunction. This study tested the memory-enhancing properties of systemic MB in
rats that received an infusion of sodium azide, a cytochrome oxidase inhibitor, directly into the
PCC. Lesion volumes were estimated with unbiased stereology. MB’s network-level mechanism
of action was analyzed using graph theory and structural equation modeling based on cytochrome
oxidase histochemistry-derived metabolic mapping data. Sodium azide infusions induced PCC
hypometabolism and impaired visuospatial memory in a holeboard food-search task. Isolated PCC
cytochrome oxidase inhibition disrupted the cingulo-thalamo-hippocampal effective connectivity,
decreased the PCC functional networks and created functional redundancy within the thalamus.
An intraperitoneal dose of 4 mg/kg MB prevented the memory impairment, reduced the PCC
metabolic lesion volume and partially restored the cingulo-thalamo-hippocampal network effects.
The effects of MB were dependent upon the local sub-network necessary for memory retrieval.
The data support that MB’s metabolic-enhancing effects are contingent upon the neural context,
and that MB is able to boost coherent and orchestrated adaptations in response to physical
alterations to the network involved in visuospatial memory. These results implicate MB as a
candidate intervention to improve memory. Because of its neuroprotective properties, MB may
have disease-modifying effects in amnestic conditions associated with hypometabolism.
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1. INTRODUCTION

Lesions of the posterior cingulate/retrosplenial cortex (PCC) in animals and humans produce
amnesia (Riha et al., 2008; Valenstein et al., 1987). Importantly, the PCC is the brain region
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with the earliest metabolic decrease in patients at risk of developing Alzheimer’s disease
(AD) (Minoshima et al., 1997) as well as in transgenic mouse models of AD (Reiman et al.,
2000; Valla et al., 2006). PCC hypometabolism is also a common finding in asymptomatic
individuals with familial AD and in patients with amnestic mild cognitive impairment
(aMCl) who later develop sporadic AD (Chetelat et al., 2003; Drzezga et al., 2003; Mosconi,
2005; Mosconi et al., 2008; Pagani et al., 2009). PCC hypometabolism correlates with the
development of temporal lobe atrophy in patients with AD (Mosconi et al., 2006) and is a
better predictor of early decline in cognitive function than cerebrospinal fluid levels of -
amyloid and tau proteins (Jagust et al., 2009). In addition to showing the earliest decrease in
energy metabolism in patients at risk of AD, the PCC is a major component of the limbic
circuit implicated in visuospatial memory. Neuropsychological testing shows that
visuospatial abilities are the first to be affected in patients with aMCI (Johnson et al., 2009),
and numerous animal and human studies support that PCC dysfunction leads to visuospatial
memory impairment (Bussey et al., 1996; Vann and Aggleton, 2002; Whishaw et al., 2001).

Regional hypometabolism in patients at risk for AD is related to mitochondrial dysfunction
(Gonzalez-Lima et al., 1998; Mosconi et al., 2009). The brains of postmortem AD patients
have local decreases in the mitochondrial enzyme cytochrome oxidase in the PCC (Valla et
al., 2001). Cytochrome oxidase is the terminal enzyme of the respiratory chain and its
expression is tightly coupled to neuronal oxidative energy demands. Cytochrome oxidase is
the rate limiting enzyme for adenosine triphosphate (ATP) synthesis and its activity
constitutes a reliable endogenous biomarker of neuronal oxidative energy metabolism
(Wong-Riley, 1989). Experimental inhibition of brain cytochrome oxidase activity causes
memory deficits in spatial tests such as the Morris water maze, radial arm maze, and
holeboard task (Bennett et al., 1992; Bennett and Rose, 1992; Callaway et al., 2004).
Recently, we showed that sodium azide, a specific cytochrome oxidase inhibitor, infused
directly into the PCC of the rat successfully modeled the visuospatial memory deficits and
PCC hypometabolism implicated in aMCI (Riha et al., 2008). The purpose of this model was
not to produce large memory deficits; but rather to induce reliable yet small memory
impairment comparable to the mild amnestic symptoms found in aMCI. These metabolic
and behavioral effects were mediated by decreases in oxygen consumption and ATP
production, and increases in oxidative stress (Riha et al., 2008; Swerdlow et al., 1997).

The present study used this novel animal model of PCC cytochrome oxidase inhibition
induced by sodium azide local infusion to test the neuroprotective and memory-enhancing
effects of pharmaceutical grade (USP) methylene blue (MB). MB is an autoxidizable redox
drug that enhances electron flow in the mitochondrial respiratory chain and displays potent
antioxidant properties (Scott and Hunter, 1966; Wainwright and Crossley, 2002). Due to its
redox potential which is intermediate between that of endogenous electron donors (e.g.,
NADH, FADH,) and oxygen, MB mimics the activity of coenzyme Q as an electron shuttle
in the respiratory chain (Bruchey and Gonzalez-Lima, 2008; Scott and Hunter, 1966). Low-
dose MB enhances brain cytochrome oxidase activity after in vivo administration to rats
(Callaway et al., 2004; Gonzalez-Lima and Bruchey, 2004) and low-dose MB enhances
memory in normal rats when given during memory consolidation (Martinez Jr. et al., 1978).
MB has also been effective at preventing the spatial memory deficits induced by chronic
systemic sodium azide administration in rats (Callaway et al., 2002). In addition, MB
displays potent neuroprotective effects when locally co-infused with mitochondrial toxins in
the retina and the striatum (Furian et al., 2007; Rojas et al., 2009a; 2009b; Zhang et al.,
2006) but its functional effects against localized PCC hypometabolism at the behavioral and
brain systems levels have not yet been studied. A holeboard food-search task was used to
examine visuospatial abilities of rats to recall the pattern of distribution of appetitive stimuli.
We hypothesized that systemic MB will prevent the memory deficits induced by the local
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infusion of sodium azide into the PCC by influencing brain circuits mediating visuospatial
memory.

2. METHODS

2.1 Subjects

Thirty adult male Sprague Dawley rats (219-255 g) (Harlan, Houston, TX) were single-
housed on a 12 h light-dark schedule and allowed to drink water ad libitum. For
motivational purposes, rats were habituated to sucrose pellets and placed on a food
restriction protocol that ensured they did not weigh less than 85% of free-feeding rats of a
similar age. All procedures followed NIH guidelines and were approved by the Institutional
Animal Care and Use Committee.

2.2 Behavioral procedures

2.2.1 Visuospatial reference memory—Visuospatial reference memory was tested
using a holeboard apparatus described previously (Riha et al., 2008). Following habituation,
rats were trained to learn a spatial pattern of baited holes. Four holes were baited in a
consistent pattern for all subjects throughout training. A trial started as soon as the first hole
was nosepoked and ended immediately after the last bait was consumed, or after 5 minutes
elapsed. The rats received 5 trials per day for at least 8 days. Training was stopped when
60% reference memory was attained or for a maximum of 14 training days. Rats were
matched into treatment groups based on their averaged reference memory scores across all
days of training. Reference memory was calculated as the ratio of visits to baited holes
divided by the number of visits to all holes. Surgery was performed the day after each rat’s
last training trial. Following a 24 h recovery period, subjects received an unbaited probe trial
to test for memory retention.

2.2.2 Locomotor activity—Locomotor activity was assessed in an open field chamber
(MED Associates, St. Albans, VT) to examine the nonspecific effects of the experimental
manipulations. One 5 min trial was conducted on training days 5-7 and second one was
done following the unbaited probe trial.

2.2.3 Surgery and treatments—Infusions of sodium azide into the PCC were done
following the procedure described by Riha et al (2008). The rats in the azide (AZ) and azide
plus MB (AZ+MB) groups received 3 M sodium azide in phosphate buffer (pH 7.4). Four
bilateral infusions (0.05 puL/min over 10 min), two in each hemisphere, were made at
stereotaxic coordinates (in mm): A/P —2.8 and —3.3; M/L 0.2 to 0.4; D/V —1.2 to —1.3,
corresponding to the PCC (i.e., retrosplenial cortex of the rat brain). Subjects in the AZ+MB
group (n=9) were injected intraperitoneally with 4 mg/kg USP grade MB (Faulding
Pharmaceuticals, Paramus, NJ) immediately after surgery. Subjects in the sham-operated
control (n=10) and AZ (n=10) groups received an equivalent volume of 0.9% saline
intraperitoneally.

2.3 Brain analyses

2.3.1 Brain processing & cytochrome oxidase histochemistry—After the second
assessment of locomotor activity (24 hrs after surgery), the rats were killed by decapitation.
Their brains were quickly extracted, frozen in isopentane, and stored at —40°C. The brains
were cut in 40 um coronal sections in a Reichert-Jung cryostat (Leica Microsystems,
Bannockburn, IL) at —17°C and collected onto glass slides. Two adjacent series were
created for cytochrome oxidase and Nissl staining. The brains were stained for cytochrome
oxidase quantitative enzyme histochemistry as described in detail previously (Gonzalez-
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Lima and Cada, 1998; Gonzalez-Lima and Jones, 1994). All chemicals were purchased from
Sigma (St. Louis, MO).

2.3.2 Metabolic mapping—Cytochrome oxidase activity was used as a marker of
neuronal oxidative metabolic capacity (Hevner and Wong-Riley, 1989). Optical density
(OD) of the stained brain sections were measured using a well-established densitometric
analysis (Gonzalez-Lima and Cada, 1998). Brain sections were stained in parallel, and we
controlled for stain intensities using two series of standards in each batch. The standards
were made of sectioned brain homogenates of known enzymatic activity measured
biochemically. The activity measured in the standards and the stained sections were linearly
correlated in each batch with r’s > 0.95. Bilateral PCC activity was analyzed throughout the
rostro-caudal axis (—1.8 to —5.3 mm from Bregma) (Paxinos and Watson, 1997). We also
analyzed limbic and extra-limbic brain regions that are anatomically connected to the PCC
and have been proposed to mediate mnemonic functions of Papez’s circuit (Papez, 1937;
Vertes et al., 2001). Table 2 lists all regions (and name abbreviations).

2.3.3 Posterior cingulate/retrosplenial cortical lesion volume—Unbiased
stereological estimates of the total PCC volume affected by cytochrome oxidase inhibition
were obtained from digital images of cytochrome oxidase activity-stained brain sections
using the Cavalieri principle (Rojas et al., 2009b). Area (A) and the average distance
between designated sections (d) estimated the total lesion volume based on the formula
Vpcc=2A x d, where d=(T) x (number of designated sections — 1) x (number of series), and
T is the distance between every designated section (240 m).

2.3.4 Posterior cingulate/retrosplenial cortical cell density—Neuronal and glial
cell densities in the PCC were estimated with an unbiased optical disector stereological
method in Nissl-stained sections from control (n=6), AZ (n=6), and AZ+MB (n=6) groups
(Harding et al., 1994; Riha et al., 2008). Cells were differentiated based on morphological
criteria. Cell density was defined as NVe|js=ZQ—/ZV(frame), Where ZQ— is the sum of cell
counts per sample and XV frame) is the area of the unbiased counting frame (0.0396 mm2,
adjusted for 140X magnification) multiplied by the length of the analyzed region (d). The
length was calculated as d=(No. of sections — 1) x No. of section series x section thickness.

2.4 Statistical analyses and computational modeling

2.4.1 Analysis of variance and covariance—Reference memory and locomotor
activity were examined with ANOVA and repeated-measures ANOVA (day x group),
respectively. Significant group differences were further tested with Dunnett- and Tukey-
corrected pairwise comparisons. Between-group differences in regional cytochrome oxidase
activity and cell counts were determined using ANOVA followed by tests for simple effects
for each region of interest. Differences in lesion volume were determined with Tukey-
corrected ANOVA. Within-group Pearson product-moment correlations were computed to
analyze the covariance relationships between cytochrome oxidase activity in the PCC, other
brain regions, behavioral scores and morphometric values (Nair and Gonzalez-Lima, 1999).
For all tests an alpha level of .05 (two-tailed) was the criterion of statistical significance. All
tests were performed using SPSS 11.5 software (SPSS, Inc., Chicago, IL).

2.4.2 Graph theory methods—Network functional connectivity was measured using the
average connection densities, connectivity matching indices and clustering indices (Sporns,
2003). Functional connectivity is a specific term defined by the graph theory methods used
in this paper, developed by Sporns. It refers to activity inter-correlations among regions
(covariate measure) and not to individual regional activity (univariate measure). Pairwise
correlations matrices based on cytochrome oxidase activity were built for one global
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network (including 20 cortical, limbic and thalamic regions) and for three sub-networks: 1)
thalamus (AD, AV, AM, DM, Rt, Rh, Re, LD and MD), 2) medial temporal lobe (Ent, Per,
dg dorsal, dg ventral, CA3 dorsal, CA3 ventral, CA1 dorsal, CA1 ventral, and Sub), and 3)
visuomotor loop (M2, GP, CPu, V2 lateral and V2 medial). The average connection density
(xden) Within each group was computed as the number of significant correlations divided by
the total number of possible correlations (i.e., maximal number of connections). An entry
was given a non-zero value if it corresponded to a significant correlation between two
regions (i.e., nodes). The total number of possible connections for a particular sub-network
was calculated as [(number of nodes)x(number of nodes—1)]/2. kqen Values were converted
to standard scores based on xgen Values random matrices with values from each group.
Significant functional connectivity within an experimental group was considered to be
present if its standard score was > + 2.0. The between-group PCC connectivity matching
index (mp g) evaluated the amount of overlap in the PCC connection patterns between
groups. It was calculated as the number of effective connections between the PCC and
specific brain regions in one group (A) that also existed in another group (B), divided by the
total number of possible PCC connections within a group. Finally, a clustering index (y,) for
a region of interest (v) was computed as a ratio of the total number of significant pairwise
correlations between neighbor regions of v and the total number of possible connections in
the matrix for a particular network including region v. y, revealed the tendency of regions
within a sub-network to form functionally coupled modules.

2.4.3 Structural equation modeling—Structural equation modeling assessed between-
group differences in the effective connectivity within networks of interest (Mclntosh and
Gonzalez-Lima, 1991, 1994; Puga et al., 2007). Effective connectivity differs from
functional connectivity in that it models covariance of activity via known anatomical
connections (paths) among regions. Data- and theory-driven network models were built
based on discriminant analyses of cytochrome oxidase activity and known anatomical
connectivity. Interregional correlations were used to compute path coefficients via a process
of iterative data fitting (LISREL, version 8.54, Scientific Software). The path coefficients
represented directional influences between brain regions. An optimal solution was achieved
in a model including the AM, PCC and the hippocampus (HC). HC data was the average of
DG, CA3, CA1 and Sub values, which were combined to avoid colinearity. The model also
included the V2 and RLi, which respectively represent extralimbic cortical and subcortical
regions with major direct projections to the PCC. Between-group differences were
determined with global goodness-of-fit statistics derived from a stacked model approach in
which path coefficients in one version of the model were constrained to be equal between
groups (null hypothesis) and compared to another version where the path coefficients were
allowed to vary (alternative hypothesis).

3. RESULTS
3.1 Systemic MB prevented the memory deficits induced by infusion of AZ into the PCC

During the initial habituation trials one rat failed to reach the criterion of consuming at least
15 pellets in one trial and it was excluded from the study. During the first eight days of
training, all rats learned the holeboard pattern (F(7, 1g2) = 20.99, p < .001). There were no
group differences in holeboard training within the first 8 days (F2, 26) = 0.266) or in the
remaining 9-14 days of training (F(2,24) = 2.95). In addition, there were no group differences
in reference memory for the last day of training or in the maximal training score.

A probe trial to evaluate visuospatial reference memory in the holeboard task was carried
out 24 hr after bilateral infusion of AZ into the PCC. The groups were significantly different
in their memory of the previously-baited holeboard (F(;,26) = 6.7, p = .004; Fig. 1). The
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mean reference memory score in the AZ group (0.25 + 0.02) was 16% lower than that of the
control group (0.30 £ 0.01) (Dunnett p = .05). The effect size of AZ treatment was .97. In
contrast, the mean reference memory score in the AZ+MB group (0.33 = 0.01) was similar
to control (Dunnett p =.28) and was 32% higher than that of the AZ group (Tukey p =.003)
(Fig. 1). Compared to mean pre-lesion baseline reference memory scores during training, the
AZ group showed a 36% decrease in memory in the probe trial, whereas the control group
showed a decrease of 25% and the AZ+MB group showed an even smaller decrease of only
19% (F(2,26) = 3.5, p = .04). Thus, MB was not only able to significantly prevent the
decrease in the reference memory scores induced by AZ, but it also tended to improve
memory compared to intact control animals. No other task-related variable biased the group
differences observed in the probe trial. For example, there were no group differences in: 1)
the number of initial or repeated nosepokes into previously baited holes or previously-
nonbaited holes, 2) total entries into previously-baited or previously-nonbaited holes, 3) total
overall entries, or 4) time to complete the task during the probe trial.

In the open field, all groups significantly decreased the amount of time performing short
movement behaviors in the second trial as compared to the first trial (F(y, 26) = 63.89, p <.
001), which is an expected effect of context habituation. However, there was no effect of
drug treatment on short movement time or number of rearings (F2, 26) = 0.994 and F(2 26) =
0.853, respectively). There was a significant group effect for ambulatory time (F (2, 26) =
3.66, p = .04). However, post-hoc analysis did not reveal a significant between-group
difference and the significant result of the omnibus test appeared to be due to a higher
activity in the AZ-treated group before treatment (Table 1). Therefore, the effects of MB can
be regarded as memory-specific and not attributed to unspecific changes in locomotor
activity.

3.2 Systemic MB reduced the cortical lesion volume produced by AZ

The stereological measures of enzymatic inhibition produced by AZ around the injection
sites provided a direct estimate of the effective amount injected. This was verified using
both Nissl histology (morphological tissue damage) and enzyme histochemistry (functional
enzyme inhibition). Representative images of the lesion volume, including injection sites,
are shown for sections from each group stained for Nissl (Fig. 2) and cytochrome oxidase
activity (Fig. 3). Figs. 2 and 3 illustrate that the effects on tissue damage and cytochrome
oxidase inhibition produced by the injections were restricted to the PCC. There was a 20%
reduction in the average lesion volume due to MB administration between AZ and AZ+MB
groups (Fig. 4). After the sham surgery the PCC volume in the control group showed a
lesion of 1.6 + 0.96 mm3. The overall lesion volume of the PCC and contiguous regions
showing any degree of cytochrome oxidase inhibition was 68.4 + 8 mm? in the AZ group
(Tukey p < .001, compared to control), but only 54.8 + 5 mm3 in the AZ+MB group (Tukey
p <.001, compared to control). There were no inter-hemispheric differences in the lesion
volume in the two groups.

The lesion volume effects were observed despite evidence of cytochrome oxidase inhibition
at the sites of AZ infusion in the PCC in both AZ-treated groups. Compared to controls, rats
in both the AZ and AZ+MB groups showed significant mean decreases in PCC cytochrome
oxidase activity at the injection sites of infusion (17% and 28%, respectively) (F2, 26) =
14.82, p <.001). The region of PCC cytochrome oxidase inhibition started at Bregma —1.80
mm and extended caudally, reaching the maximal point of inhibition in the dorsal PCC at
Bregma —3.4 mm, with a reduction of about 20% in mean cytochrome oxidase activity
compared to control in both groups.

The greatest morphological lesion effect was also found in the dorsal PCC (Fig. 5). In fact,
the superficial PCC at this point of maximal cytochrome oxidase inhibition (Bregma —3.4
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mm) showed remarkable neurodegeneration and gliosis. Compared to control, in the PCC
there was a 76% reduction in neuronal density (F,, 15) = 12.93, p = .001) and a 2-fold
increase in glial density (F,, 15) = 7.314, p = .021) in both the AZ and AZ+MB groups.

In addition, we evaluated the individual cytochrome oxidase activity of all the brain regions
measured, including regions adjacent to the injection sites, which clearly showed that the AZ
did not diffuse to other regions and only the PCC showed an inhibition of cytochrome
oxidase activity (Table 2).

3.3 Systemic MB prevented the disruption in PCC effective connectivity

The memory-preserving effects of MB could be partially attributed to the prevention of
structural damage (Fig. 2) and anatomical restriction of the extent of PCC cytochrome
oxidase inhibition induced by AZ (Fig. 3). But as described above, systemic MB did not
prevent the local decreases in cytochrome oxidase activity in the PCC caused by AZ. Nor
where MB’s behavioral effects due to absolute increases in cytochrome oxidase activity in
other brain regions interconnected with the PCC, since a between-group analysis of
cytochrome oxidase activity in those brain regions did not reveal significant differences
(Table 2). In addition, whole-brain cytochrome oxidase activity was not different between
the groups. It was noted that the connectivity density (kgen) Of the PCC was equally
decreased in both AZ and the AZ+MB groups. For example, whereas the control group
showed 12 significant interregional correlations of cytochrome oxidase activity between the
PCC and 19 other brain regions (xgen = .63), sodium azide reduced the total number of
significant correlations between these regions in both AZ and AZ+MB groups (xgen = -36
and xgen = .26, respectively). Nevertheless, the PCC connectivity matching index between
the AZ group and AZ+MB groups (Mmaz az+mB) Was zero, while the PCC connectivity
matching index between the control and AZ+MB groups was higher than that between
control and AZ groups (Mcontrol Az+MB = 0.21 and Meonerol oz = 0.05, respectively). In other
words, the remaining functional network in the AZ+MB group after the PCC lesion was
more similar to control than that of the AZ group. In particular, MB maintained the PCC
functional network with the dorsal hippocampus proper and the secondary visual cortex, as
observed in the control group (Fig. 6, Table 3). These data suggest that in addition to
reducing structural damage to the PCC, the memory-preserving effects of MB are also due
to preservation of the functional network between the PCC and key regions involved in the
visuospatial memory task.

To test this hypothesis, we compared the system-level changes in effective connectivity in
the control, AZ and AZ+MB groups by means of structural equation modeling. The
cytochrome oxidase activity data derived from metabolic mapping were applied to a
thalamo-cingulo-hippocampal network model resembling that proposed by Papez (1937). A
significant control group model solution showed the PCC receiving the highest number of
inputs and holding reciprocal connections with the anteromedial thalamic nucleus and the
hippocampus (HC), and receiving negative influences from the secondary visual cortex (V2)
and the raphe nuclei (RLi) (Fig. 7). Within this network, PCC cytochrome oxidase inhibition
produced three major significant changes in effective connectivity that included: 1) path
coefficient sign reversal of all PCC inputs and outputs (e.g., an input that suppressed the
activity of the PCC in controls increased PCC activity in AZ-treated subjects); 2)
strengthening of the thalamo-cingulate connectivity; and 3) remarkable recruitment of the
raphe nuclei and secondary visual cortex, which provided strong positive influences on the
PCC. In contrast, in the AZ+MB group, the path coefficient signs of PCC inputs and outputs
were similar to control, except for that of the raphe nuclei, which continued exerting a
positive influence on the PCC, as seen in the AZ group. Also, MB induced a strengthening
of the influence of V2 on the PCC with a path coefficient sign similar to control and
opposite to AZ. AZ+MB-treated subjects showed strong interactions between the PCC and
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the thalamus, while the weak connectivity between the PCC and the HC, resembled that of
the AZ group. Remarkably, an alternate output from the thalamus to the secondary visual
cortex not involving the PCC remained unchanged in the three groups, indicating that the
interventions were specific to regions of the Papez circuit. Effects not accounted for by the
regions included in the model were expressed as residuals. The residuals for AM, HC, V2
and RLi ranged from .63 to 1.56, while the PCC showed comparatively lower residuals in
the three groups (.21, .20 and .17 for control, AZ and AZ+MB, respectively). This signifies
that the regions included in the model explain the majority of the effects observed in the
PCC. Alternate models focusing on hippocampal connectivity but not including the PCC
were unsolvable or did not show differences between groups (data not shown). The above
evidence support that, whereas AZ induced a marked disruption in normal PCC effective
connectivity, MB may exert its memory-preserving effects by partially restoring the
functional network between the PCC and key limbic and extralimbic regions implicated in
visuospatial memory.

3.4 Systemic MB altered the local functional network within thalamic, medial temporal lobe
and visuomotor loop sub-networks

Although MB improved the effective connectivity of the PCC, it was also possible that the
cognitive effects of MB were supplemented by facilitating local strategies for memory
retrieval concomitant to the strengthening of PCC effective connectivity. To test this
hypothesis, we analyzed the local functional network within the thalamus; the medial
temporal lobe (MTL), including the hippocampus and parahippocampal region; and a
visuomotor loop including the secondary motor (M2) and visual (V2) cortices, the striatum
(CPu) and the globus pallidus (gp). PCC cytochrome oxidase inhibition prompted thalamic
regions to associate functionally and share common networks, as indicated by a 25%
increase in the thalamic average clustering index (y,) in the AZ group, compared to control
(Dunnett, p = .03). No changes in y,, were induced by AZ in the MTL or the visuomotor
loop. In contrast, MB increased or decreased local clustering, depending on the local sub-
network on which it acted. Fig. 8 shows that compared to control, MB induced a 27%
decrease in the thalamus (Dunnett, p = .02), a 40% increase in the MTL (Dunnett, p = .001)
and a 66% decrease in y, values in the visuomotor loop (Dunnett, p =.04). The efficacy of
MB at preventing redundant local connectivity was highlighted by its induction of overall
decreases in xgen Within the thalamus and the motor loop (Table 4). These data reveal that
MB not only restored the original sub-network connectivity of the control group, but also
enhanced local adaptive metabolic changes in brain sub-networks interconnected with the
PCC.

4. DISCUSSION

This study provides evidence that a single systemic injection of 4 mg/kg USP methylene
blue (MB) prevents the memory deficits secondary to PCC cytochrome oxidase inhibition
induced by a local infusion of a mitochondrial inhibitor of cytochrome oxidase. Relevant to
amnestic mild cognitive impairment, this experimental paradigm demonstrated meaningful
MB behavioral effects that were accompanied by stereological evidence of neuroprotection.
This is the first study to show that systemic MB administration prevented the structural and
hypometabolic damage induced by a mitochondrial insult impairing energy metabolism.
This study also presents evidence that MB induces brain circuit-specific changes in
functional and effective connectivity, supporting a mechanism of action based on its
metabolic-enhancing effects in the brain.

A number of considerations support the validity of the findings. First, PCC hypometabolism
as measured by cytochrome oxidase inhibition was induced after the subjects learned the
visuospatial task. Thus, the lesions did not interfere with encoding or sorting of visuospatial
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information. Consequently, the post-lesion probe specifically tested how AZ and MB
interfered with memory retrieval. In addition, neither AZ nor AZ+MB-treated rats were
different from controls in exploratory activity in an open field chamber, and there were no
group differences in activity or in the latency to complete the task during the probe trial.
Therefore, the decreased performance in the memory task observed in the AZ group was not
biased by the presence of psychomotor deficits. Neural cell density in the PCC at Bregma
levels with the lowest cytochrome oxidase activity was significantly decreased in both AZ—
and AZ+MB-treated animals as compared to controls. This decrease was accompanied by
massive gliosis in both treatment groups. This supports that AZ exerted its neurotoxic
effects in the presence of MB, and that MB did not act by displacing AZ from its binding
site in cytochrome oxidase. Also, although MB is potentially available to all brain regions
after systemic administration, its mechanism of action cannot be explained by a global and
non-specific increase in brain metabolic activity. The network effects are the result of
differences in the inter-regional correlations of activity produced by the modified influence
from the affected PCC, not the result of enzyme inhibition by AZ in other regions, as none
of the regions outside of the injected PCC showed a change of enzymatic activity.
Functional changes appeared to mainly involve the PCC and the regions holding direct
anatomical interactions with it. For example, an effective connection between the thalamus
and the secondary visual cortex was not altered by AZ or MB, and was thus probably not as
crucial for the completion of the memory task. Furthermore, PCC residuals in the structural
equation model tended to be low, signifying that the regions included in the model explain
most of the activity in the PCC. The different patterns of effective connectivity between the
AZ and AZ+MB groups indicate that the behavioral changes elicited by MB can be
explained by its effects in these specific regions. The data support that the metabolic effects
of MB were contingent upon the neural context within the circuit of Papez and that MB can
boost coherent and orchestrated metabolic adaptations in response to physical alterations to
the networks involved in visuospatial memory.

A major finding of this study is that MB preserved the thalamo-cingulo-hippocampal
effective connectivity. This is illustrated by the similarity between control and AZ+MB
groups, and their differences with the AZ group. We used structural equation modeling to
assess the changes in effective connectivity underlying the memory-improving effects of
MB. This strategy was selected because of its high power for identifying group differences
that would otherwise be unrevealed by univariate statistical comparisons. In this modeling
approach, the network connectivity is based on regional effective (i.e., directional)
interactions that determine the magnitude and sign of the covariance in activity patterns
(Mclntosh and Gonzalez-Lima, 1991; Sakata et al., 2000). A major disadvantage of this
technique is that it is non-temporal and offers a rather static view of connectivity patterns.
However, this is compensated by the use of quantitative cytochrome oxidase histochemical
activity data. This histochemical method reflects the capacity for the holoenzyme to change
its catalytic activity in response to neuronal energy demands over a period of time
(Gonzalez-Lima and Jones, 1994). Thus, it provides a historical account of tissue changes in
metabolic demand for oxidative energy. Structural equation models based on cytochrome
oxidase activity express how a change in cytochrome oxidase activity in a specific region is
associated with an increase or decrease of cytochrome oxidase activity in another region
(Puga et al., 2007). This provides not only an overview of the functional coupling between
regions in terms of energy-dependent oxidative metabolic capacity, but it also gives insight
into the directionality of influences (e.g., what region within the network drives the
metabolic changes in other regions within that network). The combination of these methods
is sensitive to brain metabolic changes associated with learning and behavior expression
(Puga et al., 2007; Sakata et al., 2000).
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Our results support previous studies showing that the PCC is a crucial region for
visuospatial memory and a major point of metabolic vulnerability for the onset of
neurodegenerative disorders characterized by visuospatial memory impairment. Extensive
network analyses have identified the PCC as one of the main connector hubs in the brain,
playing a pivotal role in the coordination of information flow (Sporns et al., 2007). The PCC
is not only a complex and highly interconnected brain region, but it also has direct
anatomical connections to numerous brain regions and constitutes a major building block of
the “default mode” network (Fransson and Marrelec, 2008). The pathophysiologic relevance
of PCC dysfunction has been widely documented in clinical studies (Valenstein et al., 1987).
The PCC is part of a constant hypometabolic cluster in patients with MCI who later convert
to AD (Morbelli et al., 2010; Nobili et al., 2008; Pagani et al., 2009). Patients with MCI also
show PCC hypoperfusion associated with decreased memory performance (Chao et al.,
2009), and decreased oxygen consumption during encoding and retrieval (Machulda et al.,
2009). Abnormalities in PCC function can be detected in cognitively intact adults with a
family history of AD or ApoE4 carriership under resting-state conditions (Reiman et al.,
2001) and during semantic memory tasks (Seidenberg et al., 2009). In fact, individuals who
are ApoE4 carriers or have family history of AD have a decreased risk of AD if they show
normal PCC metabolism during performance of memory tasks (Xu et al., 2009). PCC
perfusion is positively correlated with MTL volume in aMCI (Gued; et al., 2009), and PCC
atrophy can be found in aMCI and early AD (Pa et al., 2009; Shiino et al., 2008). From the
neural-network perspective, it has been previously predicted that lesions in connector hubs,
such as the PCC, will increase the small-world index of a network due to increases in path
length (Sporns et al., 2007).

We showed that isolated PCC cytochrome oxidase inhibition caused visuospatial memory
deficits that were mediated by a weakening of the cingulo-hippocampal connectivity and a
strengthening of the cingulo-thalamic effective connectivity. At the same time, the local
connectivity between thalamic regions increased after the lesions. Together, these data
support the role of the PCC as a major connector hub in the brain. Interventions that promote
a robust PCC connectivity might be effective at preventing memory deficits in patients with
aMClI or other conditions associated with PCC hypometabolism.

We demonstrated that MB was highly effective at preventing the memory deficits induced
by PCC cytochrome oxidase inhibition. In addition to partially preventing the acute
neurodegenerative effects of AZ, MB also induced distinctive functional effects at the brain
systems level, supporting its role as a metabolic enhancer. Pharmaceutical grade (USP)
methylene blue is an FDA-grandfathered drug with powerful antioxidant activity approved
for the treatment of methemoglobinemia (Bradberry, 2003). While chemical grade
methylene blue is an industrial dye that may contain contaminants with potential toxicity
(Auerbach et al., 2010), purified pharmaceutical grade MB used at low doses has no toxic
effects in humans (Bradberry, 2003; Naylor et al., 1986; Naylor et al., 1987) and is well-
documented for enhancing memory at the 4 mg/kg dose used in the present study (Bruchey
and Gonzalez-Lima, 2008; Gonzalez-Lima and Bruchey, 2004; Martinez Jr. et al., 1978;
Riha et al., 2005; Wrubel et al., 2007a; 2007b). The specificity of the brain metabolic
changes and memory-enhancing effects induced by MB can be explained by both its
pharmacokinetic and pharmacodynamic properties. MB readily crosses the blood-brain
barrier and has wide central nervous system bioavailability (Peter et al., 2000; Walter-Sack
et al., 2009). It has affinity for tissues with high aerobic metabolic rates, such as the brain
(Peter et al., 2000), which has prompted its use as a supravital stain in the brain and other
tissues (Muller, 1998). Its electrochemical properties confer it affinity for oxidoreductases
and thus, it concentrates in mitochondria where it mimics the activity of membrane-
embedded respiratory chain electron carriers (Scott and Hunter, 1966). MB restores
inhibition of oxygen consumption caused by rotenone, an inhibitor of the first enzyme in the
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mitochondrial electron transport chain (Lindahl and Oberg, 1961; Zhang et al., 2006), and
MB stimulates cellular respiration in rat liver (Visarius et al., 1997) and brain (Riha et al.,
2005; Zhang et al., 2006). Also, MB prevents the depletion in retinal and striatal metabolic
capacity induced by mitochondrial inhibition (Rojas et al., 2009a; 2009b). Thus, an
important consideration for the proposed mechanism of action of MB is that although its
distribution in the brain is potentially universal, its action as a metabolic enhancer is dictated
by the metabolic rate of neurons in a particular brain region. Regions with a higher
metabolic requirement due to cognitive demands (e.g., undergoing activation or subjected to
metabolic stress) will concentrate MB and selectively increase their energy metabolism
(Gonzalez-Lima and Bruchey, 2004). Primarily in these regions, MB will enhance electron
transport, oxygen consumption and energy formation, thus improving their metabolic
performance and facilitating their contributions to network function preservation. In this
pharmacokinetic sense, MB displays the attributes of the ‘magic bullet’ originally theorized
by Paul Ehrlich (Gensini et al., 2007). In addition, MB belongs to a group of chemicals with
the most potent known antioxidant properties (Moosmann et al., 2001). It decreases free
radical formation during reperfusion after ischemia (Kelner and Alexander, 1985; Salaris et
al., 1991), lipid peroxidation (Visarius et al., 1999; Zhang et al., 2006) and superoxide
formation secondary to mitochondrial inhibition in the brain parenchyma (Rojas et al.,
2009b). In fact, MB’s in vivo neuroprotective effects against acute ischemia/reperfusion
injury are related to the inhibition of both cerebral and systemic nitroxidative stress
(Miclescu, 2009; Miclescu et al., 2006, 2007). Thus, compelling evidence supports that MB
is able to provide biologically meaningful neuroprotective effects, which are evident as
preservation of neural structure and function in vivo. Such effects appear to be linked to its
peculiar bioenergetically-driven bioavailability in the brain and its dual profile as an
antioxidant and metabolic-enhancing agent (Furian et al., 2007; Rojas and Gonzalez-Lima,
2010; Rojas et al., 2009a; 2009b; Wiklund et al., 2007; Zhang et al., 2006).

5. CONCLUSION

Systemic MB enhances memory function and is able to prevent network-level disruptions in
brain oxidative metabolic capacity. MB is a candidate drug with potential to effectively treat
memory deficits in patients with cognitive impairment characterized by PCC cytochrome
oxidase inhibition. Due to its neuroprotective effects, MB could also have disease-modifying
effects in AD and neurodegenerative conditions featuring abnormal brain oxidative energy
metabolism and memory function. The findings support studies of mitochondrial
contributions to neurodegenerative diseases, including the azide model of AD (Bennett et
al., 1992) and ongoing clinical trials using MB for AD (Wischik and Staff, 2009).

Research highlights

¢ Methylene blue (MB) improves memory in a model of mild cognitive
impairment (MCI)

e MB reduces the lesion volume induced by posterior cingulate hypometabolism
¢ MB normalizes the effective connectivity of the posterior cingulate cortex
* MB modifies network functional connectivity within the circuit of Papez

e This is the first study of MB’s beneficial effects in a model of amnestic MCI
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Figure 1. Systemic MB prevented the deficit in visospatial memory induced by PCC cytochrome
oxidase inhibition

A) The average reference memory score at the end of training and before the PCC lesion
was comparable between the three experimental groups. In the post-lesion probe, the three
groups had a decreased reference memory compared to pre-lesion conditions. However,
after the lesion, the reference memory score in the azide (AZ) group was significantly lower
than sham control, whereas no deficit was observed in the AZ group treated with methylene
blue (AZ+MB). B) The AZ group also showed the highest percent decrease () in the mean
reference memory score, compared to baseline. * = significantly different from control, p <
0.05.
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Figure 2. Systemic MB reduced the size of the histological damage produced by AZ
Representative photomicrographs of comparable Nissl-stained sections at the level of the AZ
injection sites in the PCC to illustrate primary histological data. A) Control brain. Section
from a sham operated rat not receiving any injections into the PCC, illustrating normal
histology. B) Control vehicle-injected brain. Section from a sham operated rat receiving
bilateral vehicle injections into the PCC, illustrating minimal effects on the histology. C) AZ
injected brain. Section from an operated rat that received bilateral AZ injections into the
PCC, illustrating discoloration and tissue damage on the PCC histology. D) AZ+MB
injected brain. Section from an operated rat that received bilateral AZ injections into the
PCC plus systemic MB, illustrating attenuated AZ effects on the histology of the PCC.
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Figure 3. Systemic MB reduced the metabolic lesion in the PCC produced by AZ
Representative photomicrographs of comparable cytochrome oxidase histochemistry-stained
sections at the level of the AZ injection sites in the PCC to illustrate primary histochemical
data. The photomicrographs show entire sections to illustrate that the inhibition of
cytochrome oxidase activity produced by AZ injections was limited to the PCC (area inside
the circle) and did not involve other regions. Sections from each group were stained in
parallel and the darkness (optical density) of the stained tissue was directly proportional to
its cytochrome oxidase activity, as calibrated in each staining batch with tissue standards of
known enzymatic activity measured biochemically (for histochemistry details refer to
Gonzalez-Lima and Cada, 1998). A) Control brain. Section from a sham operated rat not
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receiving any injections into the PCC, illustrating normal cytochrome oxidase
histochemistry. B) Control vehicle-injected brain. Section from a sham operated rat
receiving bilateral vehicle injections into the PCC, illustrating minimal effects on the
cytochrome oxidase histochemistry. C) AZ injected brain. Section from an operated rat that
received bilateral AZ injections into the PCC, illustrating reduced cytochrome oxidase
histochemical activity in the PCC. D) AZ+MB injected brain. Section from an operated rat
that received bilateral AZ injections into the PCC plus systemic MB, illustrating attenuated
AZ effects on the cytochrome oxidase histochemical activity of the PCC.
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Figure 4. Neuroprotective effects of systemic MB against sodium azide-induced neurotoxicity in
the PCC

Quantitative group data for the unbiased stereological analysis of the metabolic lesion
volume produced by AZ injections into the PCC. The sham operated control group had less
than 2 mm3 of PCC volume affected. The AZ group showed a PCC lesion volume of about
70 mm3, whereas the AZ+MB group had a reduced lesion volume averaging 55 mm3.
Therefore, MB treatment induced a total 20% bilateral decrease in the volume of PCC and
contiguous cortex affected by structural damage due to cytochrome oxidase inhibition
induced by the local infusion of sodium azide. * = significantly different from control, p <
0.001.
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Figure 5. Systemic MB did not prevent the reduction in neuronal density produced by AZ in the
dorsal PCC

Representative photomicrographs of high magnification Nissl-stained sections used to count
cells at the AZ injection sites in the dorsal PCC to illustrate primary cell counting data. The
maximal AZ effect was in the dorsal PCC targeted by the injections, and systemic MB did
not prevent neuronal loss in this region. A) Control brain. Section from a sham operated rat
not receiving any injections into the PCC, illustrating normal cell density. B) Control
vehicle-injected brain. Section from a sham operated rat receiving bilateral vehicle
injections into the PCC, illustrating minimal effects on the cell density. C) AZ injected
brain. Section from an operated rat that received bilateral AZ injections into the PCC,
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illustrating discoloration and neuronal loss in the dorsal PCC. D) AZ+MB injected brain.
Section from an operated rat that received bilateral AZ injections into the PCC plus systemic
MB, illustrating AZ effects on neuronal density in the PCC that were not statistically
different from the AZ group.
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Figure 6. Systemic MB partially prevented the disruption in PCC functional network induced by
AZ

Coronal brain sections stained with the cytochrome oxidase histochemistry technique depict
the number and anatomical distribution of brain regions showing functional networks with
the posterior cingulate cortex (PCC) (white cross-hatching). In control conditions, the
metabolic capacity of the PCC was significantly correlated with that of thalamic,
hippocampal and extrastriate regions. Except for the ventral CA1, AZ induced a complete
loss of this pattern of PCC functional networks, and strengthened PCC connectivity with a
different set of hippocampal and parahippocampal regions, as well as with the secondary
motor cortex. In contrast, MB not only prevented this new pattern of PCC connectivity, but
also partially preserved the PCC connectivity with the hippocampus and the extrastriate
cortex as seen in the control. MB also induced coupling between the PCC and the raphe
nuclei.
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Figure 7. Systemic MB prevented the disruption in PCC effective connectivity induced by
sodium azide

Metabolic mapping data was used to construct structural equation models of thalamo-
cingulo-hipocampal effective connectivity and determine significant group differences in
logical topology. The diagrams represent regions holding direct or indirect anatomical
connections (lines). The direction of information flow (effectiveness) is represented by
arrowheads and the strength of the effective connection is represented by arrow thickness,
which is at the same time, a representation of beta (path) coefficients. Solid lines represent
positive and dashed lines negative path coefficients. The control model showed the posterior
cingulate/retrosplenial cortex (PCC) having reciprocal connections with the anteromedial
thalamic nucleus (AM) and the hippocampus (HC), and receiving negative influences from
the secondary visual cortex (V2) and the raphe nuclei (RLi). Azide (AZ) changed the
coefficient sign of all PCC inputs and outputs and strengthened the interactions with AM,
V2 and RLi. Methylene blue (MB) prevented the changes in PCC effective connectivity,
although the strong thalamo-cingular connectivity and the strong recruitment of visual and
subcortical regions induced by sodium azide were also observed in the AZ+MB-treated
group.
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Figure 8. Systemic MB differentially modified the intrinsic connectivity of thalamic, medial
temporal lobe, and motor loop networks
Graph theory methods showed that azide (AZ) in the PCC induced an increase in the mean

clustering index (y) (i.e. how close are neighboring regions to be completely interconnected)
in the thalamus, but no significant change in that of the medial temporal lobe (MTL) or the
visuomotor loop (VML). In each one of the three networks, methylene blue (MB) induced
significant y changes not only compared to AZ but also to control. MB decreased the mean
clustering index in thalamic and VML regions, but increased it in the MTL. This differential
effect is consistent with the induction of a local activity-dependent adaptive reconfiguration
by MB, as opposed to a general and non-specific metabolic-enhancing effect. * =
significantly higher than control. + = significantly lower than control, p < .05.
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Table 3

Effects of sodium azide and methylene blue on the functional connectivity of the PCC

Region Control AZ AZ+MB

AD -32 g -2
AM & 19 45
Rt 9% —13  —.001
Rh/Re  gg* .24 46
LD 91t 58 18
dod R ('
CAld g~ 25 777
bdl 81r 13 85"
PRh 37 7o* 07
Ent 30 g3* 29
DGv 38 g7* 17
CAlv  7g8* g5 44
CA3v 33 79" 26
RLi .08 16 78"
vam 8" 53 88"
vl 87t 6l 55
ACC 6% 46 45
M2 56 gg* 01
CPu 66" 54 14
d = dorsal, v = ventral, m = medial, | = lateral. See text for abbreviations of regions. Values represent the Pearson product-moment correlations

between cytochrome oxidase activity in the PCC and the other brain regions.

*
Significantly different from zero (p < .05)
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Table 4

Connectivity density (xgen) Of neural sub-networks after sodium azide and methylene blue

Network  Control AZ AZ+MB

Thalamus 0.32 039  go1*
MTL 0.30 0.36 0.53
VML 030 030 g10*

MTL = medial temporal lobe, VML = visuomotor loop

*
significantly different from random, Z score + 2.0 (p < .05)
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