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ABSTRACT

This study evaluated the response of rat brain to 2 degradable polymers (poly (L-lactic-co-glycolic acid)
(PLGA), and poly(e-caprolactone) (PCL)), two common materials in tissue engineering. PLGA has been
extensively studied in the brain for controlled drug release as injectable microspheres and is generally
accepted as biocompatible in that capacity. Biocompatibility in other forms and for different functions in
the brain has not been widely studied. PCL was chosen as an alternative to PLGA for its slower degradation
and less-acidic pH upon degradation. Porous scaffolds were made from both polymers and implanted into
rat cerebral cortex for 1 and 4 weeks. Morphology, defect size, activation of microglia (OX-42) and as-
trocytes (glial fibrillary acidic protein (GFAP)), infiltration of activated macrophages (major histocompat-
ibility complex (MHC)-II), and ingrowth of neurons (b-tubulin type III (Tuj-1)) and progenitor cells (nestin)
were analyzed using hematoxylin and eosin staining and immunofluorescence. PCL induced a lower in-
flammatory response than PLGA, as demonstrated by lower MHC-II and GFAP expression and greater
ingrowth. Both polymers alleviated astrocytic activation and prevented enlargement of the defect. Tuj-1-,
nestin-, and GFAP-positive cells were observed growing on both polymers at the peripheries of the sponge
implants, demonstrating their permissiveness to neural ingrowth. These findings suggest that both poly-
mers attenuate secondary death and scarring and that PCL might have advantages over PLGA.

INTRODUCTION

BRAIN LESIONS can result from a range of causes, from

traumatic injury to disease. The resultant voids are un-

able to retain or support injections of suspension treatments

such as cells1 or growth factors, which disperse quickly and

lose effectiveness. From a tissue-engineering standpoint, a

delivery vehicle that fills the void and contains drugs, neu-

rotrophic factors, or cells has the potential to localize and

maintain these treatments in the implant site, increasing the

effectiveness, and provide a path toward repair and recon-

stitution of the lost parenchyma that is lacking in current

clinical treatments.2 This delivery vehicle must satisfy cer-

tain design criteria, such as permissiveness to neural cell

growth and immunological compatibility. Such scaffolds

should not cause significant inflammatory responses that

may exacerbate the injury. Also, mechanically, the material

must be close enough to the tissue dynamics that surgical

insertion and normal movements of the patient do not cause

more physical damage.

Treatment strategies for brain injuries such as hypoxic

ischemia models focus mainly on combination treatments
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using cells or neurotrophic factors.3–5 Studies focusing on

combination treatments often overlook the potential im-

portance of the material itself and often compare improve-

ments and outcomes with a completely empty control site

rather than the untreated material. Different materials, such

as gels and polymer fiber meshes, have been studied sepa-

rately. Unfortunately, there are no good comparisons of

materials or any in-depth study of the relative biocompat-

ibilities of the materials themselves. To provide an optimal

outcome, it would be important to study and determine the

best combination of biologic therapy and material vehicles

in a systematic approach.

Poly (L-lactic-co-glycolic acid) (PLGA) and its related

components are among the most widely investigated de-

gradable polymers in biomedical applications. The most

extensive work with PLGA regarding material-brain re-

search has been in controlled drug-release applications in the

form of microspheres injected into the brain.6–8 PLGA has

been generally accepted as biocompatible in that capacity.

Poly(e-caprolactone) (PCL) has also been studied in the

brain for controlled-release microspheres,8,9 although not as

extensively as PLGA. PCL has been most commonly studied

in other tissue types and has a history of drug delivery and

tissue-engineering research elsewhere in the body.10–12

Central nervous system (CNS) inflammation has also been

studied in the context of electrode implants, where close

contact of neuronal activity is desired.13 The current study

investigated the biocompatibility of PLGA and PCL in the

capacity of CNS tissue engineering. This approach requires

ingrowth and close contact with regenerating neuronal

structures and integration of host tissue within and around

the implant. The structure of a scaffold in a defect, rather

than microspheres injected into tissue, may elicit a different

host response. The definition of biocompatibility here is

slightly different from controlled release and implantable

electrodes, although we took guidance from both areas.

Acute inflammation in various brain-injury models occurs

over the course of hours to days, encompassing hemorrhage,

degeneration of damaged neurons, and macrophage infiltra-

tion. By 7 days the inflammatory response has elicited sec-

ondary cell death mechanisms that result in degeneration of

white matter and expansion of the original injury site.14,15

The ultimate size of the defect depends greatly on the ini-

tial insult. Thus, different CNS defects may require different

standards for success. It may be useful in some cases with

large defects for the scaffold to have amuch longer residence

time and sturdier support than most hydrogels and PLGA

derivatives can offer. PCL could fill this requirement. It is

possible to use PCL as a scaffold to carry cells within a

hydrogel that infuses its pores, giving the implant a definite

structure and longer-lasting support once the gel has dissi-

pated and the cells are establishing a full matrix. Although

the degradation rates of PLGA and PCL can be adjusted

through their initial molecular weights and the ratio of lactic

acid to glycolic acid in the case of PLGA, PCL may offer

another benefit in the lower acidity of its degradation prod-

uct, caproic acid (pKa¼ 4.84), than of lactic acid (pKa¼
3.08) and glycolic acid (pKa¼ 3.83).

Both polymers degrade by hydrolysis of the polymer

chains. The difference in their degradation rate is mostly a

result of their differing hydrophobicities. PCL is more hy-

drophobic than PLGA and therefore is hydrolyzed more

slowly. As the molecular weight decreases, and polymer

chains become smaller, macrophages phagocytose these

small particles. Porous implants of PCL and PLGA in a

subcutaneous site were reported at 4 weeks to have lost 39%

and 74% of their molecular weights, respectively.16 Ad-

ditionally, PCL has been shown to have higher total cellular

ingrowth than PLGA after 4 weeks and higher inflammatory

cell invasion and angiogenesis subcutaneously.16 This study

compared PCL with PLGA in a salt-leached sponge archi-

tecture as they relate to brain inflammation and ingrowth in

an injury site. We found that PCL elicited a lower immune

response than PLGA and that both polymers lowered the

scarring and secondary cell death after injury than in a defect

without implant.

METHODS

PCL (CAPA 6501, molecular weight (MW) *50 kDa,

Solvay Chemicals, Houston, TX) and PLGA (50:50, MW

*54 kDa, Birmingham Polymers, Birmingham, AL) were

used in this study. Both polymers were made into sponges

using solvent casting and porogen leaching with 180- to 250-

mm sodium chloride crystals in a Teflon mold to form 3-mm-

diameter cylinders of 3mm height. PCL was dissolved in

acetone and PLGA in chloroform at 13% (w:v) and dripped

into salt-packed molds from both ends until no more poly-

mer could be absorbed. Scaffolds were sterilized in 70%

ethanol and then switched to sterile Hanks Balanced Salt

Solution and placed on a shaker 1 day before implantation.

Female Sprague-Dawley rats approximately 250 g in

weight were anesthetized with isofluorane, and heads were

mounted in a stereotaxic device. The skulls were exposed,

bregma located, and two positions marked: 3mm posterior

and 3.5mm left or right. Holes were drilled in the skull with

a 3-mm outer-diameter trephine at 1 or both locations. Bone

chips were removed, and then the same trephine, which had

a marking 3mm from the bottom of its burr, was used to drill

3mm into the cerebral cortex. The drill was kept perpendic-

ular to the surface of the skull and was held steady during the

removal of brain tissue through the hole in the skull. PCL

and PLGA sponges were inserted into the right and left

cavities, respectively. Controls received no implant in either

cavity. Other researchers report the lack of contralateral

damage and inflammation in a similar injury model.17 To

confirm this in our own studies, 7 rats received only 1 defect

in the left or right hemisphere. The distribution is as follows:

at the 1-week time point, 2 rats for control (no implant) both

in the right hemisphere, 1 rat with PLGA in the left hemi-

sphere; at the 4-week time point, 3 rats with PCL with 1 left
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and 2 right hemisphere implants, and 1 rat with PLGA in the

left hemisphere. Tissue was examined histologically and

with all the immunofluorescent inflammation markers used

in the study. Once it was confirmed that the contralateral

sides were not affected and there was no difference between

the right and left hemispheres, these data were combined

with data for rats containing 2 defects per brain for a total of

4 samples per group per time point.

At 1 week and 4 weeks, rats were perfused transcardially

with 250mL of 4% paraformaldehyde in phosphate buffered

saline. Brains were harvested and cryoprotected in 30% su-

crose, embedded in Tissue-Tek Optimal Cutting Temperature

(OCT) compound (Electron Microscopy Sciences, Hatfield,

PA), then serially sectioned coronally at 14-mm thickness in

groups of 5 for further analysis. There was no noticeable loss

of motor function due to the implantation and no noticeable

difference between groups in functional behavior after the

implantation. All surgery, postsurgical recovery, and eutha-

nasia were performed according to a protocol approved by the

University of Michigan Committee on the Use and Care of

Animals.

Immunofluorescence was carried out using major his-

tocompatibility complex (MHC)-II (MCA46GA, Serotec,

Raleigh, NC),18,19 nestin (Rat-401, Hybridoma Bank, Uni-

versity of Iowa, Iowa City, IA),20,21 b-tubulin type b (Tuj1,

MMS-435P, Covance, Berkeley, CA),22,23 glial fibrillary

acidic protein (GFAP, G9269, Sigma, St. Louis, MO),24,25

and CD11b (OX-42) (MCA275G, Serotec).26,27 Primary

antibodies were used with Cy-2-conjugated secondary anti-

body or Streptavidin AlexaFluor-488 (Invitrogen/Molecular

Probes, Carlsbad, CA) with VectaStain ABC kit and bioti-

nylated secondary antibodies (Vector Laboratories, Burlin-

game, CA). Harris hematoxylin and alcoholic eosin stains

were used for assessing a general overview of inflamma-

tion andmorphology. Images were taken using a Spot camera

and Spot Advanced software (Diagnostic Instruments, Ster-

ling Heights, MI). All images for a montage were taken in

the same sitting with the same exposure and processing set-

tings. When possible, all images of sections with the same

type of labeling were taken on the same day or 2 to 3 con-

secutive days in batches of 15 to 20 slides. Positive and

negative control labeling was done with all primary and

secondary antibodies using stock sections from undamaged

rat brain to verify their specificity and check background

staining. A mixture of 5% donkey serum (Jackson Im-

munoResearch Laboratories Inc., Westgrove, PA) and 3%

BSA was used for blocking nonspecific binding.

Pixel areas for MHC-II and intensities for GFAP and OX-

42 antibodies were calculated using programs written in

Matlab (The Mathworks, Natick, MA). The programs were

written to allow the user to define specific regions of interest

and calculate mean grayscale values (between 0 and 255) to

determine background intensity and experimental group

intensities. All intensity data presented have background

subtracted. Also, for MHC-II quantification, images were

thresholded to exclude background areas. Then paths were

drawn in Adobe Photoshop (Microsoft Corp., Redmond,

WA) to encompass total sponge area and used as a mask for

the scaffold area to be thresholded. Debris and halos were

removed with Photoshop before calculating areas based on

intensity thresholds. GFAP and OX-42 intensities were

calculated from 2 neighboring 200-mm-wide rectangles

along each side of each scaffold (Fig. 1). Region L1 was

the region immediately adjacent to the defect, and L2 was

the region just adjacent to L1. Each sample section had 2 L1

regions and 2 L2 regions, which were combined for an av-

erage. Lengths varied, and regions were chosen to exclude

edge-effect fluorescence, the hippocampus, dirt particles, air

bubbles, and folds. Three regions on each section were

FIG. 1. Hematoxylin and eosin (H&E)-stained sections of

polymer constructs in brain cavities. (C) Regions L1 and L2 are

illustrated on this section. All images (except for insets) were

taken at 2�magnification and tiled together. Scale bars are 2mm

unless otherwise labeled. Control at (A) 1 week and (B) 4 weeks,

poly(e-caprolactone) (PCL) at (C) 1 week and (D) 4 weeks, and

poly (L-lactic-co-glycolic acid) (PLGA) at (E) 1 week and (F) 4

weeks (inset B and inset E). Gross images before sectioning il-

lustrate the visual difference between (B) control and (E) a defect

containing material (inset D). 10�mag of H&E section showing

parenchyma at the bottom corner of a defect site on the right-hand

side with PCL polymer (arrows) and blood vessels (arrow heads).

Color images available online at www.liebertpub.com/ten.
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chosen from areas of the cortex unaffected by the surgeries

to calculate background intensities on each slide. The av-

erage total area used to calculate background was 0.09mm2.

Statistical significance was calculated using a 2-way anal-

ysis of variance (ANOVA) over time and material for MHC-

II areas and defect widths and 3-way ANOVA for GFAP and

OX-42 intensities over time, material, and region. P levels

below 0.05 were considered statistically significant. Tukey’s

least significant difference was used in post hoc tests. Error

bars in graphs show standard deviations. Cellular areas

within sponges were calculated from hematoxylin and eosin

(H&E)-stained sections because the polymers did not stain,

whereas combined cellular and material areas were calcu-

lated from immunofluorescence images due to the polymers’

persistence on slides after aqueous processing and their low-

level autofluorescence. Defect sizes were measured using

the measuring tool in Adobe Photoshop. Serial sections were

measured until the middle of the defect was found, and that

measurement was used. Distances were measured across the

top and across the middle as parallel lines, perpendicular to

the apparent angle of entry for the axis of the cylinder

sponges.

RESULTS

Defects in control brains without any polymer implant

increased in size over the course of the experiment, whereas

PCL and PLGA helped to maintain the defect close to its

original size. Brain tissue encompassed the sponges rather

than shrinking away from it (Fig. 1E inset). By measuring

serial sections to find the middle of each scaffold, the defect

widths revealed no significant difference between the 2

polymers but were significantly different from the controls.

Both polymers were able to maintain the defect sizes at

approximately the original size, whereas the control defect

expanded to more than 4mm in diameter (Fig. 1B inset and

Fig. 2A). From 2-way ANOVA over group and time, only

the interaction had significance ( pp¼ .02). From the post

hoc analysis, there was no difference between the 2 poly-

mers at either time point. Only the control group was sig-

nificantly larger than the materials at 4 weeks. At 4 weeks, a

noticeable difference in color and morphology appeared

between PCL and PLGA sponges (Fig. 1). After perfusion,

PCL sponges were the same color as the surrounding brain

tissue, and PLGA sponges had a brownish red color that was

consistent in all replicates. This may be a reflection of vas-

cular connectivity within the sponges allowing blood to be

perfused more thoroughly in PCL than PLGA sponges.

Coronal sections through the brains were used to observe

the polymer sponge structure in the brain defect (Fig. 1).

Shapes reminiscent of salt crystals were evident. Groups

at 1 week looked less empty, as fibrin clots remained. By

4 weeks, clots cleared, but some peripheral tissue integration

remained. Cells were seen in close contact with polymers,

and some vascularization was seen (Fig. 1D inset). Ad-

ditionally, at 4 weeks, sponges began to degrade and had

overall smaller volumes. In the H&E images, polymers were

dissolved by the xylenes during staining, leaving white areas

on the slides. Occasionally, sponges were dislodged from the

brains during removal of the skull, as fibrous tissue filled in
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FIG. 2. Quantitative data comparing all three groups from image

analysis. (A) Defect widths for each group at 1 and 4 weeks. Starred

control is significantly larger than all other groups and times ( p<
.05). (B) OX-42 intensities after background subtraction. Starred

groups were not different from each other but were significantly

higher than the unstarred groups. Unstarred groups were not sig-

nificantly different from each other. (C) Glial fibrillary acidic pro-

tein intensities after background subtraction. All starred groups are

higher than unstarred groups. The 2 doubly starred groups are sig-

nificantly different from each other. Unstarred groups are not sig-

nificantly different from each other (see text for detailed p-values).
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the bony defect in the skull and formed a slight attachment

between the skull and the tops of the sponges (Fig. 1D).

Specimens were carefully detached from the skull and re-

placed in the defect cavity, but on soaking in OCT and

freezing for sectioning, it was evident from their floating

position relative to the rest of the brain tissue that they had

moved. When evaluating the defect size, the walls of the

cavity were measured. When evaluating the areas within the

scaffold, a visually verified approximation of the defect

surrounding the scaffold was used.

MHC-II-positive cells were present within both polymers

to different degrees. The difference was statistically signif-

icant for material ( pp¼ .02) but not over time ( pp¼ .12).

MHC-II-positive areas were greater in PLGA than PCL

(1.2% vs 0.5%) at the 1-week acute phase of inflammation

and did not change over time in PLGA. An increase in the

meanMHC-II expression levels found in PCL (from 0.5% to

0.8%) over time was not statistically significant and did not

surpass the mean level in PLGA at either time point.

The cellular area in both materials measured from H&E

images increased significantlyover time ( pp¼ .000), roughly

doubling from approximately 12% to approximately 25%,

with a trend of PCL having 5% to 10% higher cellular in-

growth than PLGA ( p¼ .07), whereas the combined cellular

and material area decreased over time by approximately one

third ( p¼ .02), from approximately 45% to approximately

30%, with no significant difference in material ( p¼ .97).

This difference reflects the degradation of materials at a

higher rate than ingrowth and accounts for the overall de-

crease in non-void space within the implant.

In analyzing inflammation peripheral to the defect cavity,

OX-42 and GFAP intensities were measured in the L1 and

L2 regions (Fig. 1C). For OX-42 (activated microglia),

p-values from 3-way ANOVA and interactions were as

follows: group¼ .7253, time¼ 0, region¼ 0.0603, groupþ
time¼ 0.5159, groupþ region¼ 0.9649, timeþ region¼
0.2228 (Fig. 2B). Astrocytic activation was measured ac-

cording to GFAP intensities in regions L1 and L2, and

p-values from 3-way ANOVA and interactions were as

follows: group¼ .0001, time¼ 0.0889, region¼ 0.0469,

groupþ time¼ 0.0003, groupþ region¼ 0.6454, timeþ
region¼ 0.2149 (Fig. 2C).

OX-42-positive activated microglia were observed in

control defects at 1 week (Fig. 2B) and declined by 4 weeks,

reflecting a decrease in microglial activation. There was also

a concomitant increase over time of GFAP-positive cells,

consistent with other brain injury models.17,28,29 In contrast

to the control, polymer sponge groups showed a decreasing

trend over time from 1 to 4 weeks for GFAP-positive acti-

vated astrocytes, and 3-way ANOVA showed that the

3 material groups (including control) had significant dif-

ferences, indicating that there was a decrease in GFAP from

region L1 to L2. The 2 polymer groups had similar micro-

glial activation (OX-42) to that of the controls in region L1,

decreasing over time.However, the PLGAgroup had slightly

lower activation of microglia, which became significant

only in region L2. Representative images of microglial

morphology adjacent to the defect site in region L1 and

further away in region L2 are shown in Figure 3. Highly

activated microglial cells appear to have large bright cell

bodies and short fibers, whereas unactivated microglia have

more-diffuse fibrous labeling and no large cell bodies. GFAP

expression around both polymers was less than around the

control after 4 weeks and did not differ from that of each

other at that late time point. However, in contrast to mi-

croglial activation, PLGA groups had significantly higher

levels of GFAP than PCL at 1 week, and the PCL groups

were not significantly changed over time (Fig. 2C, and

Fig. 4). Cytokines from the activated microglia activate as-

trocytes,30 leading to increased production of GFAP. GFAP

levels reflect their activation level, the highest of which can

indicate glial scar formation. GFAP-labeled astrocytes with

long thin fibers activated next to the polymer-implanted

defects contrast the control regions at 4 weeks, which

had higher activation based on GFAP intensities (Fig. 2C)

and show astrocytes close to the defect border aligning and

densely entangling their fibers (Fig. 4).

Ingrowth of GFAP-positive astrocytes into the sponges

was seen in both polymers to occur from the bottom and

edges up toward the middle, whereas MHC-II-positive cells

were seen distributed throughout the sponges. This suggests

astrocyte migration into the scaffolds from host tissue and

MHC-II-infiltrating cells from peripheral blood residing in

all areas of the sponge from the initial absorption. In the

bottom corners of the sponges, close to their contact with

the lateral ventricles, nestin-positive and Tuj-1-positive

FIG. 3. OX-42 immunohistochemistry. Images of immediately

adjacent regions L2 and L1 with defects located on the right. 10�
magnification, scale bars, 50 mm.
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cells were found in close contact with the materials after

4 weeks (Fig. 5).

DISCUSSION

In brief summary, porous PCL and PLGA implants were

able to decrease cell death and support neural cell growth

in vivo, an improvement over no implant use. Neither

polymer caused any severe inflammation, actually modify-

ing the response such that the environment was more ame-

nable to regeneration. Both polymers are suitable for use as a

delivery vehicle of treatments, but PCL may provide ad-

vantages over PLGA depending on the treatment strategy.

The defect width of the control group over time was

smaller at 1 week than that of the polymer groups and grew

to be larger at 4 weeks. Because all of the defects (control

and implant) were first created in the same way, the surgical

preparation was not a factor. The only difference would be

that the polymer was placed inside the cavity. It is possible

that, because of swelling, the control defects might become

smaller because there was no polymer to keep the walls of

the defect from caving in, which we consider more likely

than caving out while still contained in vivo. With regard to

analytical preparation, all brains were fixed by perfusion

before any physical manipulation of the tissue. Upon dis-

section from the skull, it was apparent on visual inspection

that the sizes of defects had grown in the control. Brains

were frozen for sectioning in large pieces, with plenty of

tissue surrounding the defect site to hold the walls in their

original shape. In addition, most often it was the deeper

regions of the defect, not the top edges, that showed the

greatest increase in width (Fig. 1B). It is clear from the

histology in the remaining tissue that cell death, and not

simple physical expansion during preparation of the section

for histology, was the major cause of differences in defect

width. Delayed enlargement of defects due to secondary cell

death is also a known, common result of traumatic brain

injury under several injury models.14,15 The mechanism of

the attenuation of this cell death by the polymers in this study

is unknown. Polyethylene glycol (PEG) has been shown to

offer neuroprotective effects, although the mechanism is

also unknown.31,32 Speculation on PEG interactions with

FIG. 5. Representative immunofluorescent images identifying

neural cells. Top 2 images are provided for perspective in (A) poly

(L-lactic-co-glycolic acid) (PLGA) and (B) poly(e-caprolactone)

(PCL) sponges at 4 weeks, no specific labeling. Boxes indicate

corresponding regions for C, D, E, and F. Nestin-labeled cells

(arrowheads) in (C) PLGA and (D) PCL in close proximity to

polymer materials (long arrows). b-tubulin type III–labeled cells

(arrowheads) in (E) PLGA and (F) PCL interact with polymers

(long arrows). Glial fibrillary acidic protein–labeled astrocytes in

(G) PLGA and (H) PCL distributed within the sponges have

highly fibrous labelling (insets to G and H). Scale bars in A, B, G,

H, 1mm. Scale bars in C, D, E, F, 300 mm.

FIG. 4. Glial fibrillary acidic protein immunohistochemistry.

Images of immediately adjacent regions L2 and L1 with defects

located on the right. 10�magnification, scale bars, 50mm.
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proteins and mitochondria because of its ability to enter the

cytosol could possibly provide some of the reasons that PCL

and PLGA offered some benefit over no polymer implant or

why there was a small benefit from PCL over PLGA, be-

cause these polymers differ slightly in pH and structure.

Their phagocytosis by macrophages is a pathway into the

cell that may be similar to the pathway that nanoparticles of

PEG take.31,32 These possibilities remain to be investigated.

It was observed during the surgeries that implantation of

the sponges decreased bleeding, similar to the effect from

applying gauze or cotton during the surgeries to stop the

initial bleeding, but the implants were never removed, as

cotton was from the control groups, before closing. Macro-

phages (CD8þ) and microglia have been shown to be a

mostly blood-derived subset of MHC-II- or ED1-reactive

macrophages and microglia that reside mostly in the border

of pan-necrosis in contusion injury. These cells may play a

large role in lesion progression.33 It is likely that the MHC-

II-positive cells in the scaffolds of this study, which are

mostly blood derived, contain a CD8þ cell population, but

the presence of a biomaterial scaffold may have played a role

in decreasing tissue damage by leading those cells away

from the border of the defect or preventing them from

reaching the parenchyma from the circulation by acting as a

barrier and trap for infiltrating cells. It is possible that this

passive prevention by the biomaterials was able to save

some of the parenchyma from delayed death and to reduce

the need for the parenchyma to form a glia limitans.

Both polymers allowed ingrowth of cells, although PCL

showed a slightly higher rate than PLGA. Many of these

cells inside the scaffolds were macrophages. As PCL and

PLGA hydrolytically degrade, macrophages phagocytosed

smaller-molecular-weight segments of the polymers.12 The

slower rate of hydrolytic degradation in PCLmay have led to

the lower level of macrophages (MHC-II labeling) than with

PLGA in the material scaffold for clean-up of degradation

products. The higher total cellular ingrowth in PCL than in

PLGA has also been seen subcutaneously for these materi-

als, supposedly because of the difference in initial pH of the

polymers and from their degradation rates, but the mecha-

nism has not been fully elucidated.16

Some of the infiltrating cells of the scaffolds other than

macrophages were likely fibroblasts and astrocytes and

possibly microglia from the cerebral cortex, although the

microglia cannot be separately identified from circulating

macrophages and neutrophils. However, astrocytes and mi-

croglia found in the parenchyma can be used to gauge levels

of internal inflammation in the brain. Data at the early time

point reflected lowermicroglial activation (OX-42) in PLGA

groups than in PCL and control but a lower astrocytic ac-

tivation (GFAP) in PCL than in PLGA and controls. The

contrasts in astrocytic and microglial activation between

polymers may be due to a time course difference in the first

few weeks, converging by the fourth week. However, mi-

croglia have been shown to play neuroprotective roles,34

which might explain why a higher microglial activation in

the PCL group led to lower astrocytic activation than in the

PLGA group. Microglial activation may mediate astrocytic

activation and the astrocyte’s propensity to form a glial scar.

Regardless, the difference was short lived, and both poly-

mers had similar astrocytic activation by 4 weeks, which was

lower than in the control group. Their earlier differences

may manifest in a difference in neuronal damage in other

areas of the brain, but this effect was not investigated, and

the overall differences in pathology were small. These lower

levels of GFAP suggest that polymer sponges not only im-

pede the growth of the defect size, but could also attenuate

the amount of scarring that could occur in surrounding brain

tissue, whereas the increase over time in the control group

suggests the standard formation of a glia limitans. The lower

astrocytic activity in polymer groups than in the control

group may be linked to the ability of cells to migrate into the

polymers, because there is less of a cellular barrier.

Because the degradation rates of the polymers are based

primarily on a constant factor, hydrophobicity, one can as-

sume that at longer time points one would still compare

inflammations in response to both polymers’ molecules

being released from their bulk forms at their individual re-

lease rates. The time point in this study of 4 weeks was not

long enough to track the entire response over a majority of

the degradation for both polymers. However, the time points

chosen here reflect important points for comparison. The

general time course of acute inflammation is within the first

week, after which chronic inflammation sets in and remains

relatively constant. Macrophages infiltrate a brain injury

within the first week.14,15 Interventions to prevent secondary

cell death are needed during the acute phase. Thus if there

are differences in the tissue response elicited by the poly-

mers, the most pivotal, such as secondary cell death and

cellular migration, would have occurred in the first week and

be evident by 4 weeks. Longer time points would

likely amplify the differences or dampen them. It is, how-

ever, possible that a sudden change in the release of polymer

products could occur toward the end, when the last portion of

polymer might reach the small molecular weight needed to

be phagocytosed all at once. If this is the case, it is likely that

PCL, degrading more slowly yet being taken in by macro-

phages in the same way as PLGA, would cause less drastic a

change. It is unlikely that longer time points would change

the overall working conclusion of this study, that both PCL

and PLGA can be used for implantation in the brain.

Although there was not extensive infiltration of the

polymer scaffolds by nestin- and Tuj-1-positive cell types

at 4 weeks, it is not unexpected, because these implants

contained no bioactive treatment or cells. The neighboring

subependymal zone could be a source of progenitor cells

entering the defect site and contacting or entering the scaf-

folds, based on the location of the few cells that were ob-

served and evidence in the literature of nestin-positive cells

from the subependymal layer migrating toward lesions.17,35

Although there can be no comparison of relative permis-

siveness of the 2 polymers to progenitor and neuronal

PCL AND PLGA SPONGES IN TBI 2521



ingrowth from the data, they can both be deemed permissive.

It is likely that other cell types in the scaffold surrounding

the few nestin- and Tuj-1-positive cells are astrocytes and

could play a supportive role in allowing those nestin- and

Tuj-1-positive cells to interact with the sponges (Fig. 5).

Longer time points would be helpful in future studies to

determine any differences in support of neural cell ingrowth

between the polymers. It is plausible that additional exper-

imental biological factors such as stem cells or growth fac-

tors may play a much larger role than any differences

between the polymer materials for this type of interaction.

CONCLUSIONS

Lesions in the brain benefit from the presence of poly-

meric scaffolds and will likely be more effectively treated

with drug, growth factor, or stem cell delivery in the scaf-

folds. PCL and PLGA should be considered to be biocom-

patible and beneficial for traumatic brain injury in sponge

scaffold form. From the data on ingrowth and infiltrating

inflammatory cells, combined with its longer residence time,

PCL may have an advantage over PLGA for future studies.
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