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PURPOSE. We have reported that the absence of posterior vitreous detachment (PVD) is
related to the onset and severity of infectious endophthalmitis, based on clinical expe-
rience. To demonstrate clinical findings in animal models, we created endophthalmitis
models for the presence or absence of PVD and examined differences in severity.

METHOD. We estimated a rabbit infectious eye model with and without PVD using Pseu-
domonas aeruginosa (PVD(+) and PVD(−) groups). After injection of bacteria inocula-
tion for 3, 6, 12, and 24 hours, we evaluated the clinical score of the anterior chamber
(n = 14). Removing the vitreous and retina from the enucleated eyeballs, the number of
bacteria was counted using each specimen (n = 12). In addition, the number of inflam-
matory cells approximately 3 mm2 around the optic disc and histopathologic grading
of intraocular inflammation was compared from histopathologic images (n = 7). Elec-
troretinogram (ERG) was performed in experimentally infected rabbit eyes in both groups
at three times after injection of the bacterial suspension.

RESULTS. There was no difference between the two groups in the clinical score of the
anterior chamber of each time phase, but the bacterial cultures showed significantly fewer
bacteria in the PVD(−) group 24 hours after bacterial inoculation (P< 0.05). Furthermore,
the number of inflammatory cells was significantly less in the PVD group (P < 0.05). As
a result of ERG, the decreases of a- and b-waves in amplitude were significantly greater
in the PVD(−) group than in the PVD(+) group.

CONCLUSIONS. The present study confirms using animal models that the absence of PVD
contributed to the severity of bacterial endophthalmitis.
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I n intraocular surgeries, postoperative bacterial endoph-
thalmitis occurs at a certain rate. However, even with the

recent advances in vitreous surgery, postoperative bacterial
endophthalmitis remains a disease with poor visual progno-
sis. Except for toxicity of the causative bacteria, the factors
that aggravate postoperative bacterial endophthalmitis are
still unknown. Moreover, the risk factors for aggravation
in the early stage of endophthalmitis remain unclear. The
most common causative microorganism of endophthalmitis
after cataract surgery is coagulase-negative Streptococcus,1,2

followed by Gram-positive cocci. The main causative bacte-
ria of bleb-related endophthalmitis (BRE) after glaucoma
surgery are Streptococcus species (37%) and Haemophilus
influenzae (8.9%). According to the classification of BRE by
severity, stage I is defined as infection confining to the filtra-
tion bleb, stage II as infection mainly confined to inside
the anterior chamber and not extending to the vitreous
body, stage IIIa as infection involving the vitreous body
but mild, and stage IIIb as infection involving the vitreous
body and serious. In Japan, the incidence of BRE in one
survey was reported to be 1.5% at 2.5-year follow-up after

mitomycin C–augmented trabeculectomy, and a subsequent
survey reported an incidence of 2.6% at 5-year follow-up.3–5

In endogenous endophthalmitis caused by metastatic spread
of bacteria or fungi from other organs, apart from Staphy-
lococcus aureus and Streptococcus species, Gram-negative
bacteria such as Klebsiella species and fungi were also
reported as causative microorganisms.6–8

We reported the absence of posterior vitreous detach-
ment (PVD) despite old age in 70% of patients with endoge-
nous endophthalmitis (7 of 10 patients) and 80% of those
with BRE (8 of 10 patients).9,10 In addition, retinal necrosis
occurred in many patients with endogenous endophthalmi-
tis and those with BRE who did not have PVD. In one patient
with BRE who required enucleation, histopathologic exami-
nation confirmed the absence of PVD. According to a previ-
ous report, PVD generally occurs between the ages of 54
and 57 years,11 and the possibility that PVD may be asso-
ciated with the onset and severity of endophthalmitis has
been suggested. A study in rabbits has shown more vigor-
ous bacterial growth in the vitreous than in the anterior
chamber.12
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On the basis of the clinical observations and the find-
ings to date, we hypothesized that continuity of the infec-
tion focus, the vitreous body, and the retina facilitates
infection in the eye and accelerates aggravation of the
disease. Therefore, this research aimed to elucidate the rela-
tionship between the presence or absence of PVD and
aggravation of endophthalmitis by verifying in vivo that
the presence of gel vitreous is a factor associated with the
development of endophthalmitis and aggravation of the
pathologic state. As the first step, an animal model of
endophthalmitis using rabbits was established, and the effect
of the presence or absence of PVD on the severity of endoph-
thalmitis was investigated.

METHODS

Animals and Anesthesia

This study was conducted in compliance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and was approved by the Institutional Animal Care
and Use Committee of Tokyo Medical University.

The right eyes of female New Zealand White rabbits aged
12 weeks and weighing 2.0 to 2.5 kg were used in the
study. The anesthetics used were medetomidine hydrochlo-
ride (hereinafter medetomidine; Dolbene; Kyoritsu Seiyaku
Corp., Tokyo, Japan), which is an adrenaline α2 recep-
tor agonist; midazolam (hereinafter midazolam; Dormicum
injection 10 mg; Astellas Pharma, Tokyo, Japan), which is
a benzodiazepine sedative; and butorphanol tartrate (here-
inafter butorphanol; Bettlefar; Meiji Seika Pharma Co. Ltd.,
Tokyo, Japan), which is an opioid κ receptor agonist. For
general anesthesia, a mixture of medetomidine 0.15 mg/kg,
midazolam 1.0 mg/kg, and butorphanol 1.5 mg/kg was
injected intravenously.13 For local anesthesia, oxybupro-
caine ophthalmic solution 0.4% (hereinafter oxybuprocaine;
Benoxil; Santen Pharmaceutical Co. Ltd., Oasaka, Japan) was
used. In addition, tropicamide phenylephrine hydrochloride
ophthalmic solution (Mydrin P; Santen Pharmaceutical Co.
Ltd.) was used as a mydriatic agent. Euthanasia of rabbits
was performed by intravenous administration of large doses
of pentobarbital.

Bacterial Species and Culture Method

The bacterial strain used was Pseudomonas aeruginosa
strain PAO-1.14,15 Culture was performed in NAC medium
(Eiken Chemical Co. Ltd., Tokyo, Japan), which is a selective
medium for P. aeruginosa, at 37°C for 24 hours, and adjusted
to 1.0 × 108 CFU/mL.

Creation of the PVD Model

The PVD model was created according to a previous report
of a rabbit proliferative vitreoretinopathy (PVR) model.16

After performing an anterior chamber paracentesis with a
27-gauge needle to lower the intraocular pressure suffi-
ciently, 0.4 mL sulfur hexafluoride (SF6 gas) was injected
with a 30-gauge needle via a site 6 mm from the corneal
limbus. Seven days after injection, the rabbit was eutha-
nized and the presence or absence of PVD was confirmed
by histopathologic examination. A preliminary experiment
was performed on five rabbits, which confirmed that PVD
was induced in all five rabbits.

Creation of the Endophthalmitis Model

The endophthalmitis model without induced PVD was
created according to a previous report.17 After performing
an anterior chamber paracentesis with a 27-gauge needle to
reduce the intraocular pressure sufficiently, 100 μL P. aerug-
inosa suspension was injected with a 30-gauge needle via a
site 6 mm from the corneal limbus. For inoculation, a bacte-
rial suspension adjusted to a density of 1.0 × 108 CFU/mL
was diluted to 1.0 × 105 CFU/mL. Fourteen rabbits were
used in this group (PVD(−) group).

The endophthalmitis model with induced PVD was
created by injecting the bacterial suspension into the eyes
using the same methods as described above. Fourteen
rabbits were used in this group (PVD(+) group).

After intraocular inoculation of the bacterial suspension,
the eyes were observed at 3, 6, 12, 24, and 48 hours after
inoculation, and then the rabbits were euthanized. The
eyeballs were enucleated for pathologic examination to eval-
uate the state of infection.

Anterior Segment Grading

At 3, 6, 12, and 24 hours after injection of the bacte-
rial suspension, the anterior segment of all rabbits in both
groups was evaluated. According to previous reports,18,19 the
three items evaluated were conjunctival hyperemia, conjunc-
tival edema, and anterior chamber hypopyon, with scores of
1 point, 1 point, and 3 points, respectively. Fourteen rabbits
were used in both groups.

Bacterial Colony Count in Retinal Tissue

The numbers of bacterial colonies on the cultures of retinal
tissue from all the rabbits in both groups were enumerated at
3, 6, 12, and 24 hours after injection of the bacterial suspen-
sion. Twelve rabbits were used in both groups.

At each time point, the eyeball was enucleated and disin-
fected with iodine in polyvinyl alcohol and saline. Next, the
retina was removed from the ora serrata of the enucleated
eyeball and mixed with saline to a total volume of 1 mL. After
serial dilution by physiologic saline, the sample was spread
on NAC medium and cultured at 37°C for 24 hours. There-
after, colonies that formed on the medium were counted.

Number of Inflammatory Cells Around the Optic
Disc and Histopathologic Grading of Intraocular
Inflammation

Experimentally infected rabbits in both PVD(+) and PVD(−)
groups were euthanized at 3, 6, 12, and 24 hours after
injection of the bacterial suspension. After the eyeballs
were enucleated, histopathologic sections were prepared for
hematoxylin and eosin (HE) staining. The number of inflam-
matory cells within an area of 3 mm2 (3 mm in width × 1 mm
in length) around the optic disc was counted (Fig. 1; ×40).
The experimenter (KU) did the mixing and then counted
the number of bacteria. In addition, grading was performed
as shown in the Table. Seven rabbits were used in both
groups.

Electroretinographic Evaluation

Electroretinogram (ERG) was performed in experimentally
infected rabbit eyes in both PVD(+) and PVD(−) groups
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FIGURE 1. The area inside the yellow frame is shown the area we counted inflammatory cells within an area of 3 mm2 (3 mm in width ×
1 mm in length) around the optic disc.

TABLE. Histopathologic Grading of Retina and Vitreous Body

Grade Description

Grade 0 Normal retina, vitreous
Grade 1 With cell infiltration into the vitreous
Grade 2 Cell infiltration into the retina without tissue destruction
Grade 3 Retinal tissue destruction extending to the inner nuclear layer
Grade 4 Tissue destruction across all layers of the retina

at 3, 6, 12, and 24 hours after injection of the bacterial
suspension. After inducing general anesthesia, the eye was
instilled with oxyburocaine and Mydrin P ophthalmic solu-
tions, reference needle electrodes were placed at the fore-
head and base of the ear, and LED electrodes (H2000; Kyoto
Contact Lens, Ltd., Kyoto, Japan) were placed on the cornea
after a corneal protective agent was applied (Scopisol; Senju
Pharmaceutical Co. Ltd., Osaka, Japan). A flash ERG test and
a cone flicker test were performed using a portable ERG (LE-
1000; Tomey Corporation, Aichi, Japan). The measurement
conditions were set according to the protocol determined

by the International Society for Clinical Electrophysiology of
Vision (ISCEV).20 Seven rabbits were used in both groups.

Statistical Analysis

The differences between PVD(+) and PVD(−) were
compared by Mann–Whitney U test. Statistical analyses were
performed using MedCalc version 12.1.1 (MedCalc Software,
Mariakerke, Belgium). A P value of <0.05 was considered
statistically significant.

RESULTS

Creation of the PVD Model

Histopathologic examination of the enucleated eyeballs
confirmed that PVD was induced. In addition, the examina-
tion also confirmed that the vitreous body was compressed
and displaced forward as a result of SF6 gas injection. The
demonstration of PVD was shown by stereomicrographs
using the Kishi method21 and imaging findings using swept-
source optical coherence tomography (SS-OCT) (Fig. 2).

FIGURE 2. In the PVD(+) group, the vitreous stained with fluorescein was found only in the posterior part of the lens, whereas in the
PVD(−) group, the vitreous was stained throughout. Furthermore, OCT shows that there is the vitreous on the retina in the area indicated
by the arrowhead in the PVD(−) group.
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FIGURE 3. Grading of ocular anterior segment. At 3, 6, 12, and 24 hours after injection of the bacterial suspension, the anterior segment of
all rabbits in both groups was evaluated. There were no differences in anterior segment score between the two groups at all time points.

Creation of the Endophthalmitis Model

No obvious signs of infection were observed at 3 hours
and 6 hours after bacteria inoculation in both the PVD(−)
and PVD(+) groups. After 12 hours, conjunctival hyperemia
and discharge appeared gradually. At 24 hours, the eyes in
both groups showed findings suggestive of endophthalmitis,
including conjunctival edema and hypopyon in the anterior
chamber. In many eyes, the fundus could not be visualized
due to opacity of the anterior chamber. At 48 hours, the
inflammatory findings became more severe, and the enucle-
ated eyeballs showed necrosis of the retina, suggesting that
intraocular infection was established.

Evaluation of the Anterior Segment

At 3 hours and 6 hours after bacteria inoculation, only
conjunctival hyperemia was observed in both groups. From
12 hours, conjunctival edema and hypopyon in the anterior
chamber were observed. At 24 hours, all the eyes showed
conjunctival edema in addition to conjunctival edema or
anterior chamber hypopyon. All these findings were present
in 9 of 14 eyes in the PVD(−) group and 7 of 14 eyes in
the PVD(+) group. There were no differences in anterior

segment score between the two groups at all the time points
(Fig. 3).

Enumeration of CFU in Retina Tissue

Both the PVD(+) group and PVD(−) group were inoculated
with 1.0 × 104 CFU of bacteria per eye at day 0. No increase
in CPU was detected at 3 and 6 hours after inoculation.
Thereafter, the number increased gradually over time, and
the counts at 12 hours were 2.49 × 106 ± 4.03 × 106 CFU/mL
in the PVD(−) group and 1.00 × 106 ± 9.62 × 105 CFU/mL
in the PVD(+) group. At 24 hours, the counts increased to
1.55 × 107 ± 1.70 × 107 CFU/mL in the PVD(−) group and
3.80 × 106 ± 3.32 × 106 CFU/mL in the PVD(+) group.
Although there was no significant difference between the
two groups at 12 hours, the bacterial count was signifi-
cantly higher in the PVD(−) group than in the PVD(+) group
(P = 0.03) at 24 hours (Fig. 4).

Evaluation of Inflammation Around the Optic Disc

The involvement of inflammation was also evaluated using
HE-stained histopathologic specimens prepared from the
enucleated eyeballs. Almost no inflammatory cells were

FIGURE 4. Enumeration of CFU in retinal tissue. The numbers of bacterial colonies on the cultures of retinal tissue from all the rabbits in both
groups were enumerated at 3, 6, 12, and 24 hours after injection of the bacterial suspension. Although there was no significant difference
between the two groups at 12 hours, the bacterial count was significantly higher in the PVD(−) group (n = 12) than in the PVD(+) group
(n = 12) (P = 0.03) at 24 hours. *Statistically significant difference between PVD(−) group and PVD(+) group.
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FIGURE 5. Number of inflammatory cells around the optic disc. Experimentally infected rabbits in both groups were euthanized at
3, 6, 12, and 24 hours after injection of the bacterial suspension. We counted inflammatory cells within an area of 3 mm2 (3
mm in width × 1 mm in length) around the optic disc. While there was no significant difference between the two groups at
12 hours, the number of inflammatory cells was significantly higher in the PVD(−) group than in the PVD(+) group (P < 0.01) at 24
hours. *Statistically significant difference between PVD(−) group and PVD(+) group.

observed at 3 and 6 hours after bacteria inoculation. There-
after, the numbers of cells increased to 2.48 × 102 ±
1.28 × 102 in the PVD(−) group and 1.77 × 102 ± 7.36 ×
101 CFU/mL in the PVD(+) group at 12 hours, and further to
1.79 × 103 ± 2.58 × 102 CFU/mL in the PVD(−) group and
1.34 × 103 ± 2.56 × 102 CFU/mL in the PVD(+) group at
24 hours. While there was no significant difference between
the two groups at 12 hours, the number of inflammatory cells
was significantly higher in the PVD(−) group compared to
the PVD(+) group (P < 0.01) at 24 hours (Fig. 5).

Histopathologic Grading of Retina and Vitreous
Body

No abnormal findings were observed in the vitreous body
and retina at 3 hours after bacteria inoculation. Inflamma-
tory cell infiltration in the vitreous was detected in two eyes
each in both groups at 6 hours. Thereafter, inflammatory
cell filtration progressed gradually and was observed in the
retina at 12 hours. At 24 hours, inflammation reached the
deep layers of the retina. However, there were no differences

in histopathologic grade between the two groups at all the
time points (Fig. 6).

Evaluation by Electroretinogram

Both groups were examined according to the ISCEV proto-
col. From 3 to 12 hours after bacteria inoculation, no
decreases in both a-wave and b-wave amplitudes were
observed. At 12 hours, the a-wave amplitudes were 90.4 ±
18.7 μV in the PVD(−) group and 108.3 ± 26.4 μV in the
PVD(+) group, while the b-wave amplitudes were 133.3 ±
31.9 μV in the PVD(−) group and 181.6 ± 52.3 μV in the
PVD(+) group. At 24 hours, however, the amplitudes of both
a- and b-waves were markedly lower compared to those at 12
hours: a-wave amplitudes were 18.1 ± 20.7 μV in the PVD(−)
group and 54.4 ± 35.8 μV in the PVD(+) group, and b-wave
amplitudes were 17.2 ± 10.8 μV in the PVD(−) group and
63.9 ± 55.7 μV in the PVD(+) group. The decreases of a-
and b-waves in amplitude were significantly greater in the
PVD(−) group than in the PVD(+) group (a-wave, P < 0.05;
b-wave, P < 0.05) (Figs. 7a, 7b).

FIGURE 6. Histopathologic grading of retina and vitreous body. Experimentally infected rabbits in both groups were euthanized at 3, 6, 12,
and 24 hours after injection of the bacterial suspension. We performed histopathologic grading. There were no differences in histopathologic
grade between the two groups at all time points.
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FIGURE 7. Electroretinogram. Top: a-wave. Bottom: b-wave. ERG examination was performed in experimentally infected rabbit eyes in both
groups at 3, 6, 12, and 24 hours after injection of the bacterial suspension. For both a- and b-waves, the decreases in amplitude were
significantly greater in the PVD(−) group than in the PVD(+) group (a-wave, P < 0.05; b-wave, P < 0.05). *Statistically significant difference
between PVD(−) group and PVD(+) group.

DISCUSSION

In this study, animal models were created, which validated
the findings related to endophthalmitis observed in clinical
practice. In all the experiments, various outcome measures
were evaluated at 3, 6, 12, and 24 hours after inoculation
of the bacteria. No significant differences in the anterior
segment grading and in the histopathologic grading of reti-
nal and vitreous tissues were observed between the PVD(−)
and PVD(+) groups at all the observation time points. In
contrast, significant differences in the number of bacte-
ria in the retina, the number of inflammatory cells in the
retina and vitreous body, and electroretinographic results
were observed between the two groups at 24 hours after
bacteria inoculation, and all these outcome measures were
more severe in the PVD(−) group. The result of the anterior
segment grading in the animal model in this study may not
contradict with the experience in clinical practice, because
the clinical assessment of severity in the anterior segment
often does not match the fundus findings in patients.

In the eyes without induced PVD, the retina is adhered
to the vitreous body, and hence there is continuity between
the infected site and the retina. In other words, the infec-
tion focus, the vitreous body, and the retina are connected.
Under this condition, it is possible that infection of the retina

may be established earlier and aggravation of the pathologic
condition may be accelerated. On the other hand, induction
of PVD breaks the continuity between the retina and the
vitreous body, resulting in the loss of continuity between
the infection site and the retina, and as a result, it may take
a longer time to complete the infection process in the retina.
This probably gave rise to the significant differences in the
number of bacteria in the retina, the number of inflammatory
cells in the retina and vitreous body, and the electroretino-
graphic result between PVD(−) and PVD(+) eyes.

While indirect experiments examining the involvement
of bacteria produced significant results, our experiment
demonstrated that despite the significantly larger number
of inflammatory cells in the retina and vitreous in the
PVD(−) group, there was no significant difference in the
histopathologic grading of the retina and vitreous between
the two groups. One possible explanation is that in both the
PVD(−) and PVD(+) groups, few eyes showed a state of full-
thickness retinal destruction, and in most cases, destruction
did not extend beyond the inner nuclear layer. It is possible
that a significant difference in histopathologic grading could
be detected by using a more detailed scoring scale.

In the present study, in all evaluations that showed
a significant difference between the PVD(−) and PVD(+)
groups, there were no significant differences between the
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two groups before 24 hours following bacteria inoculation.
Destruction of retina was mild, and the bacterial load and
number of inflammatory cells in the retina were low up to
12 hours after inoculation. On the other hand, the number
of bacteria in the retina and the number of infiltrated inflam-
matory cells increased dramatically over the period from
12 to 24 hours, accompanied by progression of retinal tissue
damage. These findings may suggest that intraocular infec-
tion is established after 12 hours following inoculation of
the bacteria.

The above results suggest that endophthalmitis
progresses more rapidly in the eyes without PVD. Postoper-
ative endophthalmitis may cause serious visual impairment,
and a multifaceted approach is required, which includes
appropriate prevention, rapid diagnosis, and proper
treatment.22 Currently, the mainstay of endophthalmitis
management is identification of the causative organism,
proper use of antibacterial agents, and vitrectomy.23,24

Based on the results of the current study, it may be possible
to propose a guideline that if the presence or absence of
PVD can be diagnosed before surgery by direct slit-lamp
examination and/or ultrasonography, early vitrectomy is
recommended for eyes without PVD.

In addition, the P. aeruginosa strain used in this exper-
iment has one flagella at one end of the cell and moves
actively. Even though infection was caused by a motile P.
aeruginosa strain, intraocular inflammation and the degree
of tissue destruction were mild in the PVD(+) endophthalmi-
tis model animals. This finding may support the relationship
between the presence or absence of PVD and the severity of
postoperative endophthalmitis.

One on the limitations of the present study was that only
P. aeruginosa was used that aimed to examine the aggra-
vating factors of postoperative endophthalmitis and BRE.
Other causative microorganisms of bacterial endophthalmi-
tis, including staphylococci and streptococci, have not been
studied. Further research using these bacterial species is
required in the future. This experiment is a proof of concept
that focuses on ensuring the establishment of infection and
demonstrating the relationship between posterior vitreous
detachment and bacterial infection. Our previous clinical
report has shown many cases of endophthalmitis caused
by bacteria with low virulence, such as coagulase-negative
staphylococci. Conducting experiments using these bacteria
would simulate conditions closer to the actual clinical prac-
tice. In addition, since the number of model rabbits used in
each experiment was small, the present results should be
verified by conducting experiments using a larger number
of animals.

To the best of our knowledge, there is no other report
demonstrating the relationship between PVD and endoph-
thalmitis using animal models as in this study. Using animal
models, the present study was able to validate that the
presence or absence of PVD is involved in the aggravation
of endophthalmitis, as is known from clinical experience;
in other words, the absence of PVD is one of the factors
that aggravate endophthalmitis. Although P. aeruginosa is
a rare cause of endophthalmitis, it does cause severe sight-
threatening endophthalmitis. Here we use it in our experi-
mental model because it consistently caused endophthalmi-
tis in our model. Future work will involve repeating these
studies with Gram-positive bacteria that induce endoph-
thalmitis.
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