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Abstract

Convection-enhanced delivery (CED) has emerged as a promising method of targeted drug-delivery
for treating central nervous system (CNS) disorders, but the influence of brain structure on infusate
distribution is unclear. We have utilized this approach to study extracellular transport and distribution
of a contrast agent in the hippocampus, a complex structure susceptible to CNS disorders. The
magnetic resonance (MR) contrast agent diethylene triamene penta-acetic acid chelated gadolinium-
labeled albumin (Gd-albumin), tagged with Evans blue dye, was directly infused into the dorsal and
ventral hippocampus of seven male Sprague-Dawley rats. The final distribution profile of the contrast
agent, a product of CED and limited diffusion, was observed in vivo using high-resolution T1-
weighted MR imaging at 11.1 Tesla. Dense cell layers, such as the granule cell layer of the dentate
gyrus and the pyramidal cell layer of CA1, appeared to be barriers to transport of the tracer. Three-
dimensional distribution shape and volume (V4) differences, between the dorsal and ventral
hippocampus infusions, were determined from the MR images using a semi-automatic segmentation
routine (Dorsal V4 = 23.4 + 1.8 pl, Ventral V4 = 36.4 + 5.1 pl). Finer structural detail of the
hippocampus was obtained using a combination of histological analysis and fluorescence imaging.
This study demonstrates that CED has the potential to target all regions of the hippocampus and that
tracer distribution is influenced by infusion site, underlying structure and circuitry, and extent of
backflow. Therefore, CED, combined with high-resolution MR imaging, may be a useful strategy
for delivering therapeutics for the treatment of CNS disorders affecting the hippocampus.
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INTRODUCTION

Convection-enhanced delivery (CED) is the direct infusion of a therapeutic agent into the
extracellular space of tissues via a positive pressure gradient. In contrast to diffusion-driven
transport, CED relies on bulk flow which results in nearly homogenous infusate concentration
profiles with a steep drop off at the boundary of the perfused region (Song and Lonser,
2008). CED into the central nervous system (CNS) consists of placing a cannula directly into
the parenchyma, bypassing the blood-brain barrier (BBB), and allows targeting of specific
tissue structures. Current CED research focuses on potential clinical applications, evaluating
the efficacy of drug carriers, optimizing infusion parameters and infusion hardware (e.g. flow
rate and duration, cannula design), and understanding the influence of the underlying tissue
structure on the final distribution of the infused agent in the CNS (Jagannathan et al., 2008;
Olson et al., 2008; Raghavan et al., 2006; Sampson et al., 2007; Song and Lonser, 2008).

With sufficient understanding of the controlling influences, CED might be used to target local
delivery of therapeutics into complex regions of the brain with heterogeneous and intricate
neuroanatomy. One such structure is the hippocampus, which is comprised of densely packed
layers of neurons (grey matter (GM)), and their axonal projections (white matter (WM)) in a
tightly-rolled, banana-shaped structure. In addition, the hippocampus includes perivascular
spaces and pial surfaces that line the ventricular compartments continuous with hippocampal
fissures. The hippocampus is vulnerable to damage as a result of trauma (Tate and Bigler,
2000) and hypoglycemia (Auer and Siesjo, 1988), and is the central component of rare
conditions such as limbic encephalitis (Corsellis et al., 1968) and dementia with isolated
hippocampal sclerosis (Dickson et al., 1994). Hippocampal involvement has been recognized
in schizophrenia (Maier et al., 1995; Nelson et al., 1998), and is critical to the manifestation
of Alzheimer’s disease (deToledo-Morrell et al., 2007; Duyckaerts et al., 2009; Ohm, 2007)
and temporal lobe epilepsy (Bertram, 2009). CED has already been proposed to deliver
therapeutic agents to treat epilepsy (Rogawski, 2009). With the advantages of homogenous
perfusion of tissue, specific targeting, and large volumes of distribution, CED is capable of
significantly enhancing spatial distribution of therapeutics into the hippocampus beyond what
is possible with diffusion-driven mechanisms alone. If the CED distribution of a therapeutic
agent within the hippocampus can be predicted, this may enable the application of CED to the
treatment of various hippocampal disorders. However, accurate prediction of distribution
profiles in the hippocampus requires an understanding of how the underlying tissue architecture
influences transport of a delivered agent.

With the use of contrast agents, magnetic resonance (MR) imaging provides a means of non-
invasively monitoring distribution profiles of agents delivered by CED and can provide insight
into the influence of anatomy on tracer distributions. Typically, gadolinium-based contrast
agents are used, which contain a paramagnetic center that interacts with surrounding water to
reduce the longitudinal and transverse relaxation times (Lauffer, 1987). In a relaxation-
weighted image, the reduced longitudinal relaxation times (T1) result in a higher signal in
regions of tissue exposed to the contrast agent, provided transverse relaxation times (T2) are
not substantially reduced. MR can also be used to monitor CED by observing an increase in
water signal seen in T2-weighted images (Heiss et al., 2005). Gadolinium-based contrast agents
have been co-infused with therapeutic agents to track their distribution in real-time. Co-
infusion of glucocerebrosidase and diethylene triamene penta-acetic acid chelated gadolinium
(Gd-DTPA) into the region of the right facial and abducens nuclei was used to treat a patient
with Gaucher’s disease and allowed researchers to monitor the distribution of the agent as well
as observe the agent cross a pial surface to enter the third ventricle (Song and Lonser, 2008).
Other studies have also been performed to investigate the effect of pial surfaces on final
distribution volumes of small molecular weight (Gd-DTPA) and large molecular weight (Gd-
DTPA-bound albumin (Gd-albumin)) tracers infused into the primate brainstem (Jagannathan
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etal., 2008). As a free ion, gadolinium is highly toxic but is regarded as safe when administered
as a chelated compound. Gd-DTPA has been used in animal and human CNS studies, without
showing signs of toxicity (Ding et al., 2009; Song and Lonser, 2008); however, it has been
shown to have an adverse affect on patients with pre-existing kidney disease (Abujudeh et al.,
2009). Liposomal drug carriers containing Gd have also been synthesized to provide a more
direct method of monitoring the distribution of these therapeutic agent carriers (Fiandaca et
al., 2008; Krauze et al., 2008). MR has been used to monitor the distribution of these delivery
vehicles as well as evaluate the performance of backflow-resistant cannulae (Fiandaca et al.,
2008). MR has also been used to evaluate the effect of infusate viscosity on final distribution
volumes in rat brain striatal tumors (Mardor et al., 2009). However, no previous studies have
implemented high-resolution MR to investigate CED for delivering an agent into a structure
as complex as the hippocampus.

In addition to MR, histology has also been used to evaluate tracer distribution of agents infused
into the CNS. Light microscopy was used to detect the presence of Evans blue dye infused into
the striatum of a mouse brain via an implantable microfluidic device designed for chronic CED
(Foley et al., 2009). Fluorescence microscopy has been used to observe the distribution of
polyethylene glycol-coated liposomal doxorubicin infused into the rat brain parenchyma with
an intracranial tumor (Kikuchi et al., 2008). Not only can histology provide higher-resolution
visualization of distribution at the cellular level, but histological staining protocols can verify
particular structural details that may influence distribution.

In this study we explored the effects of tissue structures on infusate distributions after CED
and limited diffusion in the hippocampus. Final distribution patterns of a contrast agent, Gd-
albumin, labeled with Evans blue dye, infused into the left-side dorsal and right-side ventral
hippocampus of a rat were evaluated with two currently available imaging modalities: (1) in
vivo imaging of contrast agent distribution using high resolution MR imaging and (2)
fluorescence microscopy of the distribution of Evans blue in histological slices. MR provided
ameans of non-invasively monitoring distribution profiles of contrast agents delivered by CED
in vivo, while optical microscopy yielded higher resolution of finer structural detail. Black-
gold staining was used to label myelinated white matter structures, and Cresyl violet staining
was used to visualize cell bodies. The results of this study demonstrate that the infusion site
and hippocampal structure appear to dictate the distribution of infusate delivered by CED.

MATERIALS AND METHODS

Animal Preparation and Surgical Procedures

Experiments were performed on 2.5-month old male Sprague-Dawley rats (n = 7) using
protocols and procedures approved by the University of Florida Institutional Animal Care and
Use Committee. Anesthesia was initiated with xylazine (10 mg/kg, SQ) and isoflurane (4%)
in 1 L/min oxygen, then animals were placed in a stereotaxic Kopf apparatus, and inhalation
anesthesia (1.5% in 1.5 L/min oxygen) was delivered via a nose mask. The skull was exposed
by a mid-sagittal incision that began between the eyes and extended caudally to the level of
the ears to expose bregma and lambdoidal sutures. One hole was drilled into the skull above
the left-side dorsal hippocampus and a second hole was drilled above the right-side ventral
hippocampus. Then 5.0 ul of Gd-DTPA-albumin (10 mg/ml in PBS solution; MW ~ 87 kDa,;
~35 Gd-DTPA molecules per alboumin molecule; R. Brasch Laboratory, University of
California, San Francisco, CA), tagged with Evans Blue dye was infused into the dorsal dentate
gyrus of the hippocampus (AP =—3.7, ML =-2.2, DV = —3.4) and another 5 pl into the ventral
CA1 subregion of the hippocampus (AP = -5.0, ML = 4.9, DV =5.0) at a rate of 0.3 pl/min.
Over concerns that the Gd-albumin may be aggregating, high performance liquid
chromatography (HPLC) was used to evaluate the macromolecular constituents of the infusate
solution. HPLC resulted in a single elutant peak suggesting the Gd-albumin was not
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aggregating and the covalent bonds attaching the Gd-DTPA molecules to albumin were intact.
The infusion system consisted of a 100 pl gas-tight syringe (Hamilton, Reno, NV) driven by
a syringe pump (Cole-Parmer, Vernon Hills, IL) connected to polyaryletheretherketone
(PEEK) tubing (ID = 0.381 mm, OD = 0.794 mm, length ~ 0.5 m, Upchurch Scientific, Oak
Harbor, WA). The PEEK tubing was coupled to a silica cannula (ID = 50 um, OD = 147 um,
Polymicro Technologies, Phoenix, AZ) via a microfluidic connector. Immediately following
the infusion surgery (~30 min), animals were transported to the 11.1 Tesla (T) magnet for MR
imaging. At the end of the experiment, animals under inhalation anesthesia (1.5% in 1.5 L/min
oxygen) were given xylazine (10 mg/kg, SQ) and ketamine (80 mg/kg, IP). Upon ensuring
deep anesthesia, the chest activity was opened to expose the heart, and a needle connected to
an infusion pump was inserted into the left ventricle. 200-300 ml of 0.9% saline solution was
circulated by the heart, followed by 200-300 ml of 4% paraformaldehyde solution. The brain
was then extracted from the skull following decapitation and stored in 4% paraformaldehyde
solution overnight.

and Image Segmentation

MR experiments were preformed using a Bruker Avance imaging console (Bruker NMR
Instruments, Billeria, MA) connected to a Magnex Scientific 11.1 T horizontal bore magnet
system (Varian, Inc., Magnex Scientific Products, Walnut Creek California). A custom-made
130 degree arc, 3.5 cm rectangular linear-field surface coil constructed on a 4 cm diameter
half-cylinder was used for linear transmission and detection of MR signal. Two sets of high-
resolution T1-weighted images, with slices oriented in the coronal and sagittal directions, were
acquired using a spin-echo sequence with a 2 cm x 2 cm field-of-view in a matrix of 160 x
160, recovery time of 1000 ms, echo time of 10 ms and 20 slices. Coronally-oriented and
sagittally-oriented data were acquired with 8 averages and 6 averages respectively. Final
distribution volumes of Gd-albumin were calculated by performing semi-automatic image
segmentation on the high-resolution T1-weighted coronal images using the ITK-SNAP open-
source medical image segmentation tool (Yushkevich et. al; http://www.itksnap.org/). Dorsal
and ventral hippocampus infusion volumes were segmented separately with the following
specific threshold criteria. Voxels were included in the infusion volume if their signal intensity
was at least 6 standard deviations of noise higher than the signal intensity in the corresponding
region contralateral to the site of infusion. Final distribution volumes in the dorsal and ventral
hippocampus were calculated by counting the number of voxels included in each segmented
region and multiplying by the volume of a single voxel.

Black Gold was used to stain myelin in mounted sections. Black-Gold 11 powder (Histo-Chem
Inc., Jefferson, AR) was resuspended in saline solution (0.9% NaCl) to a final concentration
of 0.3%. The solution was heated to 60°C, and rehydrated tissue sections were incubated for
12-18 minutes, until desired intensity was achieved. The sections were then rinsed in double
distilled water for 2 minutes, followed by sodium thiosulfate solution (1%) for 3 minutes.
Finally, sections were rinsed three times with double distilled water for 5 minutes per rinse.
Cresyl violet staining was performed to stain cell bodies in mounted sections. Slides were
incubated in Cresyl violet solution for 2-3 minutes until desired intensity was achieved. Slides
were then dehydrated using a series of gradated alcohols (75%, 95%, 100%) for 5 minutes
each. The dehydrated sections were then cleared in xylene for 2 minutes and cover-slipped
with mounting media.

Following mounting and staining, slides were examined on an Olympus BH-2 brightfield and
epifluorescence microscope (Olympus America Inc., Center Valley, PA) with a Hitachi KP-
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D581 color digital video camera (Hitachi Medical Systems America, Inc., Twinsburg, OH)
interfaced with an Integral Technologies frame grabber (Pelco, Clovis, Ca) in a desktop
computer. Motorized stage and focus (Prior Scientific, Rockland, MA), and image acquisition
were controlled through ImagePro Plus (Media Cybernetics, Silver Springs, MD). Anatomical
structures were mapped to coronal sections of the Paxinos and Watson rat brain atlas (Paxinos
and Watson, 1998).

Infusions (n=14) were targeted into the dentate gyrus of the left-side dorsal hippocampus (n=7)
and into the right-side CA1 of the ventral hippocampus (n=7). Actual infusion sites were
confirmed with MR and histology. Damage due to insertion of the cannula was minimal with
some bleeding at the site of the cannula tip (Fig. 1A) and at the interface between the corpus
callosum and alveus of the hippocampus (Fig. 1B), as visualized in histology. Contrast agent
infused into the dorsal hippocampus was observed to have only limited penetration into the
ipsilateral ventral hippocampus (Fig. 2A and C). Similarly, contrast agent infused into the
ventral hippocampus showed severely limited penetration into the ipsilateral dorsal
hippocampus (Fig. 2B and D) with small amounts observed in the fimbria.

Infusion sites were clearly identifiable in all subjects in the dorsal hippocampus and 6 of the
7 subjects in the ventral hippocampus. In the dorsal hippocampus infusions, 6 of 7 infusion
sites were located at the interface between the fissure and CA1 subregion of the hippocampus.
One infusion site was located in the polymorphic layer of the dentate gyrus. In 4 of 7 ventral
hippocampus infusion subjects, the infusion site was located at the interface between the
hippocampal fissure and CA1 subfield of the hippocampus. In 2 of the subjects, the infusion
site was determined to be at the interface between the CA1 subfield and alveus of the
hippocampus.

Gd-albumin distribution in the dorsal hippocampus

The profile of the contrast agent distribution into the dorsal hippocampus was easily
distinguishable from surrounding tissue. Exposed regions displayed a hyperintense signal with
respect to surrounding regions in T1-weighted images (Fig. 3). MR images showed that the
contrast agent entered the CA1, CA3 and dentate gyrus subfields of the hippocampus in all
animals (Fig. 3) and suggest that contrast agent penetrated poorly into the dense dentate gyrus
granule cell layer and CA1 pyramidal cell layer, since these regions remain hypointense with
respect to the surrounding subfields and are clearly distinguishable in coronal images
(arrowheads in Fig. 3). The contrast agent was seen to cross the midline of the brain in 3 of the
7 subjects. In two of these subjects, the contrast agent crossed the midline of the brain by
entering the corpus callosum and traveling medially to the side of the brain contralateral to the
infusion site. In one subject, the contrast agent also entered the dorsal hippocampal commissure
and was visible in a small portion of the CAL subfield of the contralateral hippocampus.
Contrast agent penetration into the fimbria subfield of the hippocampus was not seen in any
of the subjects suggesting the densely packed cell layer CA1 and CA3 subfields served as a
barrier to transport into this region (Fig. 3).

Gd-albumin distribution in the ventral hippocampus

The contrast agent penetrated the CAL and CA2 subfields of ventral hippocampus in all

subjects. In 5 of 7 subjects, contrast agent was seen in the dentate gyrus, CA1, CA2, and CA3
subfields of the hippocampus (Fig. 4B, C, E, and F). However in two of the subjects, penetration
of the contrast agent into CA1 and CA2 was limited and primarily located in the alveus of the
hippocampus (Fig. 4G and H), most likely due to the lateral location of the infusion site (see
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above discussion of infusion site). The contrast agent did not appear to enter the granule cell
layer and hippocampal fissure, since these regions were hypointense relative to the neighboring
dentate gyrus. Contrast agent was also observed at the interface between the corpus callosum
and the cortex in these subjects.

Severe backflow, resulting in a significant amount of contrast agent entering the cortex, was
seen in 3 of the 7 dorsal infusions (Fig. 3C, E, and F). Mild backflow resulted in minor exposure
of the cortex to contrast agent in 2 of the 7 subjects (Fig. 3D and H). In 3 of the 7 subjects,
backflow allowed the contrast agent to enter the corpus callosum and travel in both the medial
and lateral directions along this white matter fibrous structure (Fig. 3B, C and F).

Severe backflow in ventral infusions resulted in significant amounts of the contrast agent
entering the cortex in 3 of the 7 subjects (Fig. 4B, C and E). Minor backflow was observed in
3 of the 7 subjects (Fig. 4D, F and G) and no backflow was seen in 1 subject (Fig. 4H). In cases
of minor backflow, contrast agent did not enter the cortex and remained in the hippocampus,
usually penetrating the alveus of the hippocampus.

Image Segmentation

Histological

The three dimensional contrast agent distributions were visualized with a semi-automated
segmentation of the contrast agent enhanced regions (Fig. 5). A distinct difference between
the shapes of each distribution can be seen in the three dimensional structures of the dorsal
hippocampus distribution volumes (Fig. 5, green body) and ventral hippocampus distribution
volumes (Fig. 5, blue body) constructed from these segmentations. Because MR imaging was
conducted approximately 30 minutes after CED, the observed distribution profiles include the
effects of CED as well as post-CED diffusion. Distribution volumes, including the effects of
CED and diffusion, were calculated from the segmentations for each data set and included back
flow volumes. For the dorsal hippocampus infusion, the mean and standard deviation of the
calculated distribution volume was 23.4 + 1.8 pl. For the ventral hippocampus infusion, the
mean and standard deviation of the calculated distribution volume was 36.4 + 5.1 ul. The ventral
hippocampus distribution volume was greater than the dorsal hippocampus distribution volume
(p < 0.0003, power of test = 0.99). The contribution of diffusion after the end of CED to the
measured distribution volumes was estimated using an analytical solution of one-dimensional
diffusion from a sphere. The radius of the sphere was determined such that the volume of the
sphere would be equal to distribution volumes of the contrast agent in the dorsal and ventral
hippocampus. The diffusion coefficient of albumin in rat cortical slices, D = 1.63 x 10~/
cm?/s (Tao and Nicholson, 1996), was used in this estimation. Based on these results we
estimate that diffusion after the end of CED may increase distribution volumes up to 40%. This
diffusional spread is equivalent to the contrast agent traveling 2—3 voxels (0.250-0.375 mm)
during the time-delay between CED and MR imaging (for comparison, the average anterior-
posterior spread of the tracer was measured to be 5.4 mm for dorsal infusions and 4.75 mm for
ventral infusions).

analysis

Evans blue fluorescence confirmed the distributions seen in MR imaging. Dense cell layers
that appeared hypointense in MR images likewise did not fluoresce in histological images
(arrowheads, Figs. 6 and 7), indicating little or no penetration of the infusate. However, infusate
was seen to distribute around the dense cell layers then penetrate the dentate gyrus and CA1-
CA3 subregions in all dorsal infusions and 5 of 7 ventral infusions, which is consistent with
MR results. Preferential distribution was dependent upon location of the cannula tip. When the
cannula tip was located in the interface between the CA1 and hippocampal fissure (asterisks,
Figs. 6 and 7), fluorescence was greatest in the molecular layer of the dentate gyrus and CAl

J Neurosci Methods. Author manuscript; available in PMC 2011 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Astary et al.

Page 7

immediately adjacent to the hippocampal fissure. In one subject (Fig. 3D), the cannula tip was
in the polymorphic layer of the dentate gyrus, which resulted in a larger volume of contrast
agent accumulated internal to the dentate gyrus granule cell layer.

In 2 of 7 ventral infusion subjects, Evans blue was observed to be predominately distributed
within the alveus of the hippocampus (closed arrows, Fig. 7C) and corpus collosum (open
arrows, Fig. 7C), as was seen in MR (Fig. 4G and H). These distributions were observed in
sections displaying cannula tracts and those with no visible tissue damage. Due to a more lateral
infusion site in these two subjects, infusate traveled along the axis of the white matter fiber
tract and was limited mediolaterally by the pyramidal cell layer and the cortex adjacent to the
fiber tracts (Fig. 7C). One ventral infusion showed Evans blue in the perivascular space (Fig.
7A).

DISCUSSION

This study compared the distribution profiles of Gd-albumin in the dorsal and ventral
hippocampus after CED and limited diffusion. Distribution of the contrast agent was visualized
with high resolution MRI; shape and volume analysis was performed with segmentation; and
validation was completed with histology, which also provided finer resolution to further
elucidate the role of tissue structures on final distribution patterns. Images from histology and
fluorescence microscopy were compared to MR images acquired in vivo to confirm the
distribution of the infusate in hippocampal subregions. Our results demonstrate that the
distribution profile and shape of the infusions are dependent upon infusion site and
neuroanatomical and cytoarchitectonic structure.

Distribution profile and shape

The infusion site was a critical factor influencing distribution of the constrast agent. The ventral
infusions distributed throughout the posterior dorsoventral hippocampus, while the dorsal
infusion distributed throughout the anterior end to the septal pole of the hippocampus. In
addition, infusion into the dorsal target site resulted in a smaller distribution area compared to
the ventral site and an apparent disconnect was noted between dorsal and ventral hippocampal
infusion sites.

Infusion site variability within the dorsal and ventral hippocampus also influenced the
distribution profile of the infused agent. For the dorsal hippocampus infusions, variability (~1
mm) in the cannula placement within the medial-lateral/anterior-posterior plane had negligible
effects on tracer distribution, as observed in both MR and fluorescence microscopy (Fig. 3).
Although occurring in only one animal, variability in the depth of the cannula tip seems to have
the most impact on final tracer distribution (Fig. 3D), which was most apparent in fluorescence
imaging (data not shown). In this subject, the most intense fluorescence signal was seen interior
to the granule cell layer of the dentate gyrus. In contrast, the most intense fluorescence signal
was seen around the hippocampal fissure and CA1 subregion of the hippocampus for all other
subjects. In the ventral hippocampus infusions, variability (~ 1 mm) in the depth of cannula
penetration had little impact on final distributions; however, variability in the location of the
cannula tip in the medial-lateral direction had a significant impact. This is seen in two subjects
where infusions lateral to the targeted infusion site resulted in tracer distributing entirely within
the alveus of the hippocampus and the corpus callosum (Fig. 4G and H). Since the infusion
sites were stereotaxically targeted using an atlas developed from a fixed rat brain, deviations
between the fixed rat brain and in vivo rat brain, anatomical variability between rats, and
experimental error may contribute to variability in the infusion site.

The dorsoventral disconnect may have several explanations. Since infusions were only
conducted at one volume, it is possible that the volume used was not sufficiently large enough
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to distribute throughout the entire hippocampus. Alternatively, anatomical “sinks” (such as
ventricles or the hippocampal fissure) may “capture” a larger volume of the infusate. The
fissure is a cell-free region continuous with ventricular space that is lined by pia mater and
filled with CSF and blood vessels (Humphrey, 1967). It could act as a mass sink for the contrast
agent, especially since Gd-albumin is able to cross pial boundaries (Jagannathan et al., 2008)
Indeed, hyperintense regions were observed in the MR imaging within and surrounding the
hippocampal fissure (Figs. 3 and 4), and this finding was confirmed with fluorescence imaging
(Figs. 6 and 7). Although this finding may be explained by targeting, a preferential distribution
into the fissure is also seen in images where the cannula tip is not positioned in the fissure (Fig.
7), indicating the contrast agent may be following the path of least resistance and collecting
within the hippocampal fissure.

A third explanation for the dorsoventral disconnect may arise from the effect of differential
axonal projections to, from, and between dorsal and ventral hippocampi. For example, different
densities of projections have been found to the dorsal and ventral hippocampus from the
entorhinal cortex (Dolorfo and Amaral, 1998; Krettek and Price, 1977), amygdala (Krettek and
Price, 1977), ventral tegmental area, and locus coerulus (Haring and Davis, 1985; Verney et
al., 1985). Hilar (Fricke and Cowan, 1978) and CA3 projections (Ishizuka et al., 1990; Li et
al., 1994) are also coded toward specific areas of the hippocampus. These axonal structural
differences likely underlie functional differences between the dorsal and ventral hippocampus
(Esclassan et al., 2009; Jung et al., 1994; Moser et al., 1993) and may affect CED distribution.

This study demonstrated that neuroanatomical structure could influence CED distribution of
contrast agent at the molecular level. Although contrast agent entered all subfields of the
hippocampus in each subject, limited penetration was observed in the granule cell layer in the
dentate and pyramidal cell layer in the CA3 and CAL. These cell layers consist of densely-
packed excitatory cells that appeared as hypointense regions in the MR images (arrowheads,
Figs. 3 and 4), and displayed weak or no response to fluorescence imaging (arrowheads, Figs.
6 and 7). Hydraulic conductivity describes the ease with which a fluid can move through a
porous medium. In the case of densely-packed cell layers, the hydraulic conductivity would
be low and permeation of the infused agent into these regions would be limited. Furthermore,
the pyramidal cell layer in the CA3 of the dorsal hippocampus appeared to prevent infusate
from entering the fimbria (Fig. 3), while the CA1 and CA2 pyramidal cells layers served as a
boundary in the ventral hippocampus (Fig. 4). Itis likely that the contrast agent traveled around
these structural boundaries, along the trisynaptic circuit (Andersen et al., 1969) of the
hippocampus. The trisynaptic circuit is comprised of axonal fibers connecting several
subregions of the hippocampus. The hydraulic conductivity along the direction of these fibers
would be lower than that perpendicular to the fiber direction leading to a preferential
distribution along the trisynaptic circuit. However, further studies with in vivo dynamic
contrast-enhanced MRI (DCE-MRI) are necessary to confirm this hypothesis.

It should be noted that other factors may influence the distribution patterns of agents delivered
by CED into the brain parenchyma. For example, choice in cannula design and flow rate can
impact the severity of backflow while the total infusion volume will ultimately influence the
distribution volume and exposure of structures to the agent. In this study, flow rate and infusion
volume were fixed to 0.3 pl/min and 5 pl, respectively, for all subjects. Thus, we cannot
comment on how these factors would influence distributions in the hippocampus based on our
results. However, it is surmised that increasing the flow rate would contribute to backflow.
Backflow would also be dependent on cannula design with generally smaller diameter cannula
resulting in less backflow (Morrison etal., 1999). A step-design cannula has also been proposed
that has been shown to eliminate backflow at flow rates up to 5 pl/min (Krauze et al., 2005).
Although this study employed the use of a small diameter cannula and low flow rate, several
cases of severe backflow were observed. This backflow could be due to tissue entering the
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cannulatip during insertion and obstructing flow. This tissue blockage would cause the pressure
in the infusion system to rise until the blockage is cleared and then a volume of infusate would
be injected into the tissue at a high flow rate. Further investigations evaluating the effects of
flow rate, infusion volume and cannula design on hippocampal distribution volumes are
warranted.

Analysis of shape and volume

Shapes segmented from the MR images matched well the shapes of the dorsal and ventral
hippocampus, suggesting that the infusate distributed throughout each region. Certain
anomalies, such as severe backflow or contrast agent entering the corpus callosum, were also
easily identified in the 3D segmentations. The 3D segmentations also allowed quantitative
comparisons between the dorsal and ventral hippocampus infusion volumes. Assuming a brain
tissue porosity of 0.2 (Mazel et al., 1998; Sykova and Nicholson, 2008) the expected distributed
volume would be 25 pl. The dorsal hippocampus distribution volume calculated in this study
was similar to this value; however, the volume distribution calculated in the ventral
hippocampus was significantly higher than the distribution volume calculated in the dorsal
hippocampus. This suggests that the ventral hippocampus may have a lower porosity than the
dorsal hippocampus, or factors other than porosity may be influencing final distribution
volumes. One potential factor is the proximity of the dorsal hippocampus infusions to the
hippocampal fissure. Because the hippocampal fissure penetrates a larger portion of the dorsal
hippocampus than the ventral hippocampus, a larger region of the dorsal hippocampus is in
proximity to this mass sink. Another potential explanation for the observed difference in
distribution volumes is the more compact shape of the dorsal hippocampus. Although it would
be expected that the contrast agent would distribute throughout the dorsal hippocampus and
then enter the ventral hippocampus, the dense pyramidal cell layer may serve as a barrier to
this transport and may confine the distribution of the contrast agent to the dorsal hippocampus.
The observed distribution profiles include the effects of CED and diffusion during the time
delay between the final infusion and MR imaging. We estimate that the effect of diffusion may
increase the measured distribution volumes by up to 40% which is equivalent to the contrast
agent traveling 2-3 MR imaging voxels by diffusion during the time delay. It is important to
recognize this post-infusion transport; however, the analysis of influence of hippocampal tissue
architecture on CED distributions and method of image segmentation for determining final
distribution volumes are still valid since both convective and diffusive extracellular transport
are influenced by tissue boundaries and preferential transport routes.

To avoid observer bias, the segmentation of contrast agent distribution within the infused
structures was conducted using a semi-automatic routine employing the selection of a lower-
limit threshold that was set high to assure accurate segmentation. All voxels above the threshold
within the infused regions of the brain were included in the segmented volumes. This lower-
limit threshold was not based on a percentage of the maximum signal observed in the MR
images. The absolute value of the signal in the presence of the contrast agent depends on the
contrast agent relaxivity and the baseline T1 values within that particular tissue (Burtea et al.,
2008; Caravan et al., 1999). Thus, establishing a threshold based solely on a percentage of the
maximum observed signal is not adequate for the quantitative determination of contrast agent
distribution. To establish the threshold value, the average signal was measured in the
contralateral, unexposed structure. The threshold value was then set to six times the standard
deviation of noise above this average signal. In order to establish a lower-limit threshold using
this method, the sensitivity of the MR coil must be symmetric. Asymmetry in the sensitivity
of the MR coil may erroneously alter the lower limit threshold by introducing bias in baseline
signal value measurements of the contralateral, unexposed structures. In these MR
measurements, the average signal-to-noise ratio (SNR) in the dorsal and ventral hippocampus
was measured to be 24.2 + 3.7 and 23.9 + 4.7, respectively, so the coil was adequately
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symmetric. Also when the SNR of an MR measurement is >> 3, the probability distribution of
the measured signal in the presence of noise makes a transition from a Rician distribution to a
modified Guassian distribution (Andersen, 1996; Koay and Basser, 2006). By setting the lower-
limit threshold to 6 times the standard deviation of noise above the average signal observed in
contralateral structures, the threshold excludes over 99% of voxels that have a measured signal
greater than the baseline value due to solely a fluctuation in noise. A similar method has been
employed to establish a lower signal enhancement limit when calculating the concentration
profile of a contrast agent infused into an agarose gel (Chen et al., 2008). Since the segmented
volume is sensitive to the thresholding criteria, lowering the criteria would result in larger
calculated infusion volumes; however, the difference between the dorsal and ventral
hippocampus distribution profiles would probably not substantially change.

High-resolution MR imaging to monitor CED

In this study, MR was used to evaluate only the final contrast agent distribution patterns and
volumes, rather than monitor the contrast agent distribution during infusion. Real-time
monitoring of the contrast agent distribution may be used to determine the preferential path
that the contrast agent would follow when distributing throughout hippocampal structures.
Also, pre-infusion images would allow segmentation based on percent signal enhancement
rather than the lower-limit threshold method outlined in this study. The MR coil configuration
employed in this study could be improved by providing a volume coil for homogenous
excitation of the brain and an array-surface coil for high-sensitivity reception of the MR signal.

High-resolution T1-weighted MR imaging was employed to observe the final distribution
volume of a contrast agent infused into the dorsal and ventral hippocampus. Because the MR
images were acquired at a high magnetic-field strength, SNR was sufficient for images to be
obtain with an in-plane resolution of 125 pym x 125 pum with a slice thickness of 500 um. This
resolution was high enough to identify key subregions of the hippocampus, such as the granule
cell layer and hippocampal fissure. Several studies have used MR to monitor CED into the rat
brain in vivo. MR has been used to monitor the distribution of contrast agents, including Gd-
DTPA, Gd-labelled liposomes and magnetic nanoparticles, in real-time or to evaluate final
distribution profiles at field strengths used clinically, ranging from 0.5 T to 3 T (Goldberg et
al., 2008; Mamot et al., 2004; Mardor et al., 2009; Mardor et al., 2005; Perlstein et al., 2008).
At field strengths within this clinical range, SNR is limited and this places restrictions on the
attainable image resolution. Therefore, low-field strength MR can be used to determine in
vivo distribution volumes but may not be suitable for evaluating the influence of the finer tissue
structure on final distribution patterns in small animal models.

CONCLUSIONS

This is the first study to observe CED delivery of MR-detectable agents into the hippocampus.
Injury was limited to damages induced directly by the cannula. The observed infusate
distribution did not cover the entire hippocampus, but rather distributed according to known
neuroanatomic features of the hippocampus with a detailed dependence on the infusion site.

However, these results describe distributions in normally-developed hippocampi. In CNS
disorders that affect the structure and/or circuitry of the hippocampus, it is reasonable to expect
variability of infusate distribution. Understanding extracellular transport in complex and/or
diseased regions is paramount for targeted delivery of therapeutics. When structural
rearrangements in diseased hippocampi render other treatment options ineffective, targeted
and predictable delivery of therapeutics via CED might provide a method for delivery.
Moreover, use of MR imaging to observe distributions of therapeutic agents co-infused with
contrast agents may allow targeted treatment in cases of variability in individual brain anatomy.
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Future studies examining the infusate distribution within the diseased hippocampus are
warranted.
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Fig. 1.
Damage induced by the infusion cannula in the dorsal hippocampus. (A) Blood at the tip of
the cannula, (B) Blood within the alveus/corpus-collosum boundary
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Fig. 2.

Sagittal images of a single rat demonstrating the apparent disconnect between the dorsal
hippocampus (top row) and ventral hippocampus (bottom row). The disconnect is seen when
the contrast agent is infused into the dorsal hippocampus (A and C) and ventral hippocampus
(B and D).
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Fig. 3.

High-resolution T1-weighted MR images of dorsal hippocampus infusions. (A) Schematic of
key structures in the dorsal hippocampus adapted from (Paxinos and Watson, 1998). (B-H)
MR image coronal slice of infusion site for dorsal hippocampus infusions in 7 rats. Filled arrow
heads, dentate gyrus granule cell layer; unfilled arrow heads, CA1 pyramidal cell layer;
asterisk, hippocampal fissure.
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Fig. 4.

High-resolution T1-weighted MR images of ventral hippocampus infusions. (A) Schematic of
key structures in the ventral hippocampus adapted from (Paxinos and Watson, 1998). (B-H)
MR image coronal slice of ventral hippocampus infusions into 7 rats. Filled arrow heads,
dentate gyrus granule cell layer; unfilled arrow heads, CA1 pyramidal cell layer; asterisk,
hippocampal fissure, filled arrow, alveus; unfilled arrow, corpus collosum.
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Fig. 5.

High-resolution T1-weighted MR image coronal slice of the dorsal hippocampus distribution
volume (left image in subfigure) and ventral hippocampus (right image in subfigure) and
corresponding segmentation (middle image in subfigure) for 4 rats (A-D).
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Fig. 6.

Histological images following infusate CED into the dorsal hippocampus showing Evans blue
dye spreading throughout the dorsal hippocampus. (A, C) Fluorescence images of 2 subjects
showing limited penetration in the dorsal hippocampal dense granule cell layer (filled
arrowhead) and pyramidal cell layer (unfilled arrowhead). Preferential distribution can be seen
in the hippocampal fissure (asterisks) and alveus (filled arrow). (B) Black-gold stained image
in close proximity to (A) confirming alveus and dense cell layer approximations. (D) Cresyl
violet staining of a section in close proximity to (C) confirming dense cell layers.

J Neurosci Methods. Author manuscript; available in PMC 2011 March 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Astary et al.

Page 20

&

¥

K
1
§
§ &
£
}
e

o

Fig. 7.

Histological images following infusate CED into the ventral hippocampus showing Evans blue
dye spreading thoughout the ventral hippocampus. Arrowheads denote granule cell layer of
the dentate gyrus and pyramidal cell layer of the CA1. (A) A fluorescence image of Evans blue
seen preferentially in the ventral hippocampal fissure (asterisks), alveus (filled arrow) and
corpus collosum (unfilled arrow). (B) Cresyl violet stained image of a section in close proximity
to (A). (C) Fluorescent image of Evans blue seen preferentially in the alveus and corpus
collosum. Chevron shows Evans blue in the perivascular space. (D) Cresyl violet stained image
of a section in close proximity to (C).
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