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Abstract  0 The present study was initiated to provide insight into the 
mechanisms of drug availability from subconjunctival injection. Pilo- 
carpine nitrate was the probe drug, and the albino rabbit was the ex- 
perimental animal. Several volumes, from 50 to 500 p l ,  of drug solution 
were injected subconjunctivally; drug levels were monitored in the tear, 
cornea, aqueous humor, and blood as a function of time. The injection 
site also was examined for residual drug postdosing. Finally, drug was 
placed in the subconjunctival space either by injection through the 
conjunctival membrane or through the eyelid. From these experiments, 
it was concluded that a t  high injection volumes, i e . ,  >200 pl, reflux of 
the drug solution out of the injection site, followed by corneal absorption, 
is the primary mechanism to explain aqueous humor availability of the 
drug. At lower injection volumes, multiple mechanisms, including reflux 
of drug from the injection site and transconjunctival permeation, pene- 
tration of the globe of the eye, and systemic absorption followed by return 
uia the vascular bed, are necessary to explain drug absorption. High 
aqueous humor levels of pilocarpine can be achieved from subconjunctival 
injection as compared to the topical route, provided that large injection 
volumes, i.e., >200 pl, are employed and correspondingly greater amounts 
of drug are administered. No true sustaining of drug availability to the 
aqueous chamber was noted, but local sustaining a t  the injection site was 
evident. 

Keyphrases Pilocarpine-mdhanisms of distribution to cornea, tear, 
aqueous humor, and blood following subconjunctival injection, rabbits 
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Subconjunctival administration of ophthalmic drugs 
represents an important, albeit poorly understood, ad- 
ministration route. Some clinicians select this route be- 
cause of the expected sustained drug delivery to the eye, 
whereas others choose it for the expected high drug levels 
that can be achieved in the anterior segment of the eye as 
compared to topical dosing. Whether a high level or a 
sustained effect is achieved appears to depend on the drug, 
the formulation, and the method of injection. 

That drugs do penetrate the eye from subconjunctival 
injection is certain, although the penetration rate may vary 

considerably depending on the drug and formulation. 
However, it is not well understood how the drug moves 
from the injection site to the aqueous chamber. Until a 
clear mechanistic picture is established, drug release pre- 
dictions for different drug entities or formulation changes 
will be based primarily on experience. 

The purpose of the present study was to examine the 
mechanisms of aqueous chamber absorption from sub- 
conjunctival injection for the water-soluble drug pilocar- 
pine. 

BACKGROUND 

The conjunctiva is the thin membrane covering the front of the eyeball 
from the lid margin to the corneoscleral junction. The subconjunctival 
space is the region between the conjunctiva and the eyeball, and sub- 
conjunctival injections place the drug in this area either for a local effect 
or as a repository to provide drug to the aqueous chamber. 

Several mechanisms have been proposed to explain the movement of 
drugs from the subconjunctival site of injection to the anterior segment 
of the eye, i.e., the aqueous chamber: 

1. The drug is absorbed into the conjunctival blood vessels, enters the 
general circulation, and then enters the anterior segment of the eye. 

2. The drug directly penetrates the sclera and underlying layers. 
3. The drug refluxes out of the puncture hole produced in the con- 

junctiva by injection. It then mixes with tears and is absorbed across the 
cornea. 

4. The drug diffuses across the conjunctiva, followed by mixing with 
tears and eventual corneal absorption. 

One early explanation of ocular drug absorption from subconjunctival 
injection was systemic absorption followed by return to the eye. Without 
doubt, most of this injected dose is absorbed into the systemic circulation, 
which represents a considerable loss from the injection site. However, 
given the large volume of distribution of the vascular bed and the small 
amount of drug involved, as well as potential metabolism in the blood, 
it seems unlikely that this route of penetration would be major for most 
drugs. 

The second potential route is direct scleral absorption of drug into the 
aqueous chamber. While this route is possible, the drug would have to 
permeate a relatively impermeable scleral coat (1-4) and traverse a rich 
vascular bed to gain entrance to the aqueous chamber. For most drugs, 
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the difficulty of  scleral penetration as  well as  loss to systemic circulation 
prohahly would cause little. i f  any, drug to  reach the  anterior segment 
o f  the eye. I n  addition, this mechanism would have to he compatihle with 
the very early time of the  peak drug level in the  aqueous chamber tha t  
ih  commonly observed. Nevertheless, McCartney et al. ( S ) ,  on the hasis 
o f  autoradiographic techniques. felt that this route was a distinct 
mechanistic possibility for ahsorpt ion 0 1  hydrocortisone. 

IJndouhtedly, the most widely accepted route for absorption is the  
needle puncture and reflux theory. Recent work (6)  with small volumes 
(1  pl) of injected solutions raised doubts ahout its importance in humans. 
On the other hand,  Wine ef nl. (7) matically examined the mecha- 
nism of ahsorption of 114C]hydroc me and found tha t  the leakage 
mechanism was the most plausible. Aqueous humor drug levels from 
normal suhconjunctival injections were compared with those achieved 
lrom injection through the upper eyelid, which kept the  conjunctival 
memhrane intact. T h e  relatively high drug levels from subconjunctival 
injection compared to those from upper eyelid injection supported the 
puncture mechanisnr. 

T h e  last possible mechanism is direct permeation of the  conjunctiva 
li )Ilowed by corneal ahsorption. The conjunctival permeability coefficient 
for pilocarpine has been estimated (8) to  be in the range of  lO-:'cm/hr, 
which is in good agreement with the coefficient of 6 X l0Ficm/hr  found 
for sodium 22 (2. 9). This  sufficiently large permeahility coefficient ex- 
plains the early peak times in the cornea and aqueous humor, provided 
the concentration of injected drug is very large and little or no drug is lost 
t o  the conjunctival hlood vessels. Simple diffusion of drugs from s u b  
conjnnctival injection has been compared with topical dosing (10). Early 
peaks in the cornea, sclera, atid choroid can he attrihuted to extensive 
diffusion of drug across the conjunctiva. or leakage, t o  the tear film or 
to direct transl'er o f  drug at the corneoscleral junction, presumahlv 
through linihal blood vessels. 

For any individual drug ent ity. its physicochemical properties, such 
as  solubility, diffusivity, and partitioning behavior, may give one mech- 
anism precedence over another. In addition, vehicle composition, volume 
injected, and niethtd of injection also may influence the mechanism. The  
present study examines some of'these variables using pilocarpine a s  the  
drug prohe. 

E X P E R I M E N T A L  

Materials--'l'ritiated pilocarpine alkaloid with a specific activity (if 
4.1 Ci/mmole was ohtained commercially1 and purified by vacuum dis- 
tillation (1 1) immediately prior to  use. All other chemicals were reagent 
or analytical gradr  a n d  were used as received. 

Male alhino rabhits2, 1.7-2.4 kg, were maintained on a regular diet with 
no restrictions on the amounts of looti and water consumed. Lighting and 
auditory stiniuli were kept constant on a 24-hr hasis. 

P r e p a r a t i o n  of Pi locarp ine  Solutions-Drug solutions were pre- 
pared by the addition of the  purified laheled material to a 1 X 1 W 2  M 
(0.2%) pilocarpine solution. T h e  buffer was pH 6.24 isotonic Sorensen 
buffer. Addition of ["H)pilocarpine had no appreciable effect on the 
molarity of the final dosing solut.ion. I t  was det.ermined that  0.25 mCi of 
the laheled drug/ml of the final dosing solution was sufficient to give good 
counting efficienc,y. T h e  dosing solution for injection corresponded to  
a final concentration of 2.08 pg of pilocarpine alkaloid/pl of solution. 

Subconjunct ival  Inject ion Adminis t ra t ion t h r o u g h  Conjunct ival  
Membrane-  -H;ihlrits were positioned in restraining boxes to  minimize 
movement and t o  maintain the normal upright posture. Approximately 
10 min prior to  dosing, each rye received one drop of 0.5%, tetracaine 
hydrochloride solution:'. Although topical anesthetics have been shown 
to cause hreakup o!  t he tear film ( I -:3,8,12,13), this s tep  was necessary 
to obtain consistent injections. 

Following local anesthesia. measured volumes of pilocarpine solution 
i 50, 1(K), 200, and 500 pl) were injected accurately through the  conjunc- 
tival membrane i n  the  center of the upper quadrant hulbar conjunctiva, 
-:+t nim hack from the corneoscleral junction. A 1-ml tuberculin syringe 
fitted with a 27-gauge. 1.27-cm needle was employed. Only one eye of each 
test animal received the  dose, with the  other eye serving a s  a control. 
Alterltate eye dosing was used in each animal to eliminate any right to  
left o r  left to right eve hias. 

Aqueoris humor. hlood. and corneal samples were ohtained a t  5, lo,%, 
:W. 4.5.60. and 120 min postdosing. For the 200-pI injection, samples also 
were ohtained at  180 and 240 min postinjection. At the end of each period, 
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the  animal was sacrificed uin rapid injection of a phentrharhital sodium 
overdose into the  marginal ear vein. 

Prior to  sampling, the  corneal surface was rinsed with isotonic saline 
and hlotted dry with a tissue. Aqueous humor samples were obtained Ity 
aspirating the aqueous humor and analyzing the fluid ilia scintillation 
counting according to reported procedures (14-17). Corneal samples were 
obtained hy excising t.he cornea immediately after aqueous humor aspi- 
ration. The  method for obtaining and treating the corneal samples was 
described previoiisly (14, 17). 

Blood samples of 1 ml were ohtained by direct cardiac puncture, and  
then twr, 100-pl samples were transferred4 quantitatively to absorbent 
pads" contained in combustion cones6. These samples were allowed to  
dry for 24 hr prior t o  hurning in a tissue oxidizer;. T h e  oxidizer auto- 
matically deposited the tritiated sample, along wit.h 10 ml of liquid 
scintillation counting solution*, into a plastic vialg. The vial contents were 
allowed to cool to room temperature for 6 hr and then were counted and 
analyzed a s  described previously (14, 17). At least seven eyes were used 
for each da ta  point. Mean values and standard errors of t.he mean were 
determined from the pooled da ta  at each time point, and the concen- 
tration--time profile was fitted to  a one-compartment pharniacokinetic 
model (18, 19). 

Subconjunct iva l  In jec t ion  Adminis t ra t ion t h r o u g h  U p p e r  Eye-  
lid-Rabbits were positioned in restraining boxes, and a drop of local 
anesthetic was instilled into each eye. Accurately measured volumes 
(50-100 pl) of pilocarpine solution were injected directly through the 
upper eyelid into the center o l ' the  upper quadrant under the hulhar 
conjunctiva. T h e  injection was made so as  to produce a hleh in the same 
location as  the  direct suhconjunctival inject ion. Thus,  the  major differ- 
ence between this study and the direct subconjunct ival injection was that 
no  puncture of the  conjunctival memhrane occrirred. 

Tissue sampling and analysis were identical t i )  those described previ- 
ously. T h e  da ta  treatment and analysis ot' data  also were as  descrihed 
previously. 

Tear Fi lm Pilocarpine~-SirzKl~,-,~'~,~[fr(, Puncture Hole--Itahbits 
were placed in restraining boxes, but no local anesthetic was adminis- 
tered. Pilocarpine solution, 200 PI ,  was injected subconjunctivally; the  
tear film was sampled at  0, 0.5, 1 , 2 , 4 , 5 , 7 ,  10, 15,20, and 30 min post- 
dosing. T h e  tear film samples were obtained by carefully touching a 1-pl 
capillary pipetlo to the  lacrimal lake a t  the edge of the  lid and aspirating 
a 1-pl sample. T h e  glass capillary tubes then were treated in a manner 
similar to that  described for the aqueous humor samples. At least 13 eyes 
were used for each dat.a point, and the  da ta  were treated as  described 
previously. 

Multiple-Necdle Puncture  Hole -The study was identical to  tha t  
described for the single-needle puncture except that  multiple punctures 
were made in the  conjunctival memhrane. Three protocols were em- 
ployed: ( a )  nine punctures, tollowed by dosing of 200 pI of the pilocarpine 
solution injected during the  10th puncture; ( b )  five punctures, followed 
by dosing on the sixth puncture, followed hy four more punctures into 
the  resulting bleb; and ( c )  injection ( i f  200 pl, followed hy nine more 
punctures into the  hleb. 

Immediately following the 10th puncture of the  corijunctival m e n -  
brane, 1-pl tear samples were collected over the same period and analyzed 
in the same way a s  described for the t.ear film study. 

At t.he end of the tear sampling period, I . P . ,  30 niin, the animals were 
sacrificed; the aqueous humor, cornea. and hlood samples were obtained. 
These samples were analyzed a s  already descrihed. 

At least 14 eyes were used for each da ta  point, and the results were 
treated as  described previously. 

N o  Puncture  Hole-The dose was injected into the subconjunctival 
space without puncturing the  conjrinctival membrane hy piercing the 
upper eyelid and threading the needle to approximately the same spot 
in the subconjunctival space as  from a suhconjunctival injection. 

Tear samples were collected and analyzed as  described previously. At 
least 11 eyes were used for each da ta  point. 

Conjunct iva l  Bleb  Analysis-Rahbits were prepared and placed in 
restraining hoxes. Following administration of the topical anesthetic, 200 
P I  of pilocarpine solution was administered to each eye either by suh- 
conjunctival or through-the-eyelid injection. At the end of 60 min, the  
animals were sacrificed. The  upper quadrant conjunctival memhrane was 
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5 20  30 40 60 90 120 
MINUTES 

F i g u r e  1 -,-Zyiir~ciit,s humur drug concentration / n  the dosed eye versus 
t ime profilcs for 1 X fV2 M pi/ncarpine in cmrious C O ~ U ~ W S  of pH 6.21 
isotonic. S’orcnsen buffer injected subconju17ctiva~~,v through f h e  con- 
juncti iv~l m~nihrane .  Key: 0 , 5 0  p /  injected; A ,  100 p l  injected; 0 .200  
p l  injected; a n d  0,500 p1 injected. Each point represents a minimum 
of .scJLvn determinations. Errur bars were eliminated for clarity. 

dissected and removed, including the hulhar and palpebral portions. 
The ohtained tissue was placed in a tared comhustion cone6 containing 

if combustion pad5 to soak up any fluid and to aid in more even burning 
ol’ the tissue in the combustion process. T h e  wet weight of each con- 
junct iva then was determined. Suhsequent analytical procedures were 
identical t o  those used in the  corneal sample analysis. 

At least 21 eyes were used for each point in the membrane puncture 
hleh analysis, and 18 eyes were used per point in the  eyelid route bleb 
analysis. A11 data were subjected to the same analysis as  described pre- 
viously. 

R E S U L T S  

Subconjunct ival  Inject ion Del ivered t h r o u g h  Conjunct iva l  
Membrane--Drug concentration cersus time profiles for each of the four 
dose volumes were obtained for the aqueous humor, cornea, and blood. 
Cornea and aqueous humor data  were obtained for both the dosed and 
contralateral eyes. 

The  data  are presented in Tables 1-111 for the  four dose volumes 
studied. For visual comparison, the  aqueous humor da ta  are  shown 
graphically in Fig. I.  An examination of Fig. 1 shows some expected 
trends. As the dosing volume increased, the amount of drug absorbed into 
the cornea o r  aqueous humor increased. T h e  amount  of drug absorbed 
was increased greatly by the increase in dosing volume from 100 to  200 
pl. This result also occurred in the contralateral eye, although the  drug 
levels were much smaller and the trend was not a s  clear. 

Subconjunct iva l  In jec t ion  Del ivered through U p p e r  Eyelid- 
Drug concentration L’ersus time profiles for each of the two dose volumes 
were ohtained for the  aqueoiis humor, cornea, and blood. Cornea and 
aqueous humor data were obtained for both the dosed and contralateral 
eyes. 

Tables IV-VI contain the pertinent da ta  from this study, and Fig. 2 
shows the representative aquet)us humor data in graphical form. The  drug 
levels in the cornea and aqueous humor were several orders of magnitude 
lower than those from the through-the-membrane injection. T h e  levels 

in the  contralateral eyes were about  the  same as  those in the  through- 
the-membrane injection. Finally, the  circulating blood level data were 
comparable from both studies. 

Lacr imal  F lu id  fol lowing Subconjunct iva l  Injection-The tear 
film was monitored for drug as a function of time for three different ex- 
perimental conditions: one puncture hole in the conjunctiva, multiple- 
puncture holes in the conjunctiva, and no puncture holes in the con- 
junctiva (through-the-eyelid injection). The  data are shown in Table VII. 
Drug levels in the through-the-eyelid study were approximately three 
orders of magnitude less than those in the punctured conjunctival studies. 
These levels were so low tha t  background radiation levels became im- 
portant and should he considered when assessing the accuracy of the  
stated levels. 

Data from the punctured conjunctiva are  shown graphically in Fig. 3. 
T h e  profiles were similar a t  all times except. for the first 5 min. Previous 
reports from this laboratory described the procedures and problems of 
tear sampling (11, 20-22). Samples were collected for 30 min with em- 
phasis on data  obtained during the  first 5 min. Therefore, considerable 
weight is given to the  difference shown in Fig. 3 for the  first 5 min post- 
injection. 

After 30 min, the experimental animal was sacrificed; samples of the 
cornea, aqueous humor, and blood were taken (Table VIII). The  aqueous 
humor drug levels for the  dosed and contralateral eye in the  through- 
the-eyelid s tudy were not appreciably different. Cornea da ta  from the 
same study showed the dosed eye levels to be about twice as  large as  those 
from the contralateral eye, although both were low relative to the injection 
study. The  small, but  measurable, difference in cornea levels is attributed 
to  drug diffusing through the  conjunctival membrane to  the  tear fluid 
and then absorbed into the  cornea. 

T h e  aqueous humor and cornea da ta  from the dosed eye in the punc- 
tured membrane case were two orders of magnitude greater than those 
from the  through-the-eyelid study. Although the  multiple-puncture 
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Table IV-Cornea and Aqueous Humor Drug  Concentration in  t h e  Dosed Eye versus Time for  I X lop2 M Pilocarpine in Various 
Volumes of pH 6.24 Isotonic Sorensen Buffer  Injected Subconjunctivally through the Upper Eyelid 

- 
Minutes 

Micrograms of Pilocarpine per 
Gram of Cornea (Wet Weight) 

50 fi1 200 ILI 
- 

Microerams of PilocarDine Der 
Milliher of Aqueous H u m k  

50 PI 200 PI 

5 0.062 (0.010)" 0.0676 (0.129); 0.005 (0.0004)a 0.021 (0.003)" 
(81 

I101 
0.032 (0.001) 

1101 

I121 

[lo1 

[I21 

0.024 (0.001) 
(91 b 

0.006 (0.0006) 

0.009 (0.0004) 

0.011 (0.0006 

I81 

Ill1 I101 

1121 

1121 PI 
1121 

[I11 

0.146 (0.22) 

0.130 (0.051) 

0.119 (0.034) 

191 b 
10 0.064 (0.008) 

20 0.069 (0.009) 

30 0.065 (0.011) 

45 0.070 (0.009 0.092 (0.010) 0.010 (0.0007) 

0.01 1 (0.0007) 0.092 (0.009) 

0.009 (0.0006) 90 0.032 (O.odl! 0.104 (0.023) 

0.009 (0.0004) 0.093 (0.13) 

[lo1 

1111 

111 

1101 

191 
0.042 (0.002) 

0.050 (0.003) 

0.038 (0.002) 

0.040 (0.002) 

0.040 (0.001) 

112j 

[12j 

60 0.1 11 (0.0091 
191 

I81 

[lo1 [91 
120 0.039 (0.005) 

I101 1101 1101 171 
Numbers in parentheses refer to the standard error of the mean. * Numbers in brackets refer to the number of determinations at that point. 

Table V-Cornea and  Aqueous Humor Drug  Concentration in the Contralateral  Eye versus Time for  1 X 
Various Volumes of p H  6.24 Isotonic Sorensen Buffer Injected Subconjunctivally through the  Upper  Eyelid 

M Pilocarpine in 

Micrograms of Pilocarpine per 
Gram of Cornea (Wet Weight) 

Minutes 50 ul 200 ul 

Micrograms of Pilocarpine per 
Milliliter of Aqueous Humor 

50 ul 200 IL1 

5 0.033 (0.005)'' 0.208 (0.057); 0.004 (0.0005)" 0.012 (0.0007)" 
(121 

0.020 (0.001) 
1121 

I101 [I21 

I101 

[lo1 
[lo1 

[I21 

[lo1 
(121 (81 

1121 

1101 191 1121 1101 

1121 
10 0.053 (0.006) 0.094 (O.O$:j .0.005 (0.0004) 

0.032 (0.001) 
[I21 

0.008 (0.0004) 20 0.052 (0.007) 

0.036 (0.002) 
I101 

30 0.059 (0.009) 0.058 (0.007 0.010 (0.001) 

0.045 (0.002) 
[I21 

0.011 (0.0006) 0.057 (0.008) 45 0.057 (0.008) 

60 0.108 (0.008 0.01 1 (O.Od79j 0.034 (0.002) 0.077 (0.011) 

0.040 (0.002) 
(121 

0.009 (0.001) 0.081 (0.010) 90 0.032 (0.006) 

0.043 (0.001) 
1121 

0.009 (0.0004) 0.088 (0.012) 120 0.035 (0.005) 

I101 

(121 

[ 101 

1111 

0.062 (0.006) 

'4 
[11j 

[91 

191 

a Numbers in parentheses refer to the standard error of the mean. Numbers in brackets refer to the number of determinations at that point. 

Table VI-Circulating D r u g  Concentration versus Time fo r  1 X 
1W2 M Pilocarpine in Various Volumes of pH 6.24 Isotonic 
Sorensen Buffer Injected Subconjunctivally through the Upper  
Eyelid 

Minutes 

5 
10 
20 
30 
45 
60 
90 

120 

Micrograms of Pilocarpine 
per Milliliter of Blood 

50 pl 200 pl 

0.051 (0.004)" [12Ib 
0.073 (0.003) [12] 
0.057 (0.003) 1121 

0.158 (0.007)" [ l 2 l b  
0.172 (0.004) [lo] 

0.053 (0.002) [121 
0.061 (0.003) [lo] 

0.012 (0.002) [lo] 
0.021 (0.001) [9] 

Numbers in parentheses refer to the standard error of the mean. Numbers 
in  brackets refer to the number of determinations at that point. 

aqueous humor and cornea drug leveis were slightly higher than the 
corresponding drug levels from single puncture, they were not statistically 
different. A partial explanation for this lack of difference is that, upon 
dissection of the bleb, the area appears as a sponge with numerous 
aqueous compartments. Multiple punctures do not appear to have a 
significant effect because it is not like puncturing a balloon but rather 
like puncturing a sponge. 

The drug level in lacrimal fluid at 30 min was as anticipated, with large 
values in the puncture studies and a low level in the nonpuncture case. 
The lower lacrimal level in the multiple-puncture case was not statisti- 

cally different from the single-puncture case. One would expect, a priori, 
lower levels in tears a t  the 30-min point in the multiple-puncture case 
if more drug is absorbed into the cornea. 

Conjunctival Bleb Injection through Membrane or through 
Eyelid-The bleb created by subconjunctival injection remains for hours 
postinjection. I t  was of interest to determine if the drug also remained 
for hours or if the hleh merely contained the aqueous injection solution 
or inflammatory fluid. Thus, a t  1 hr postinjection, the bleb was removed 
surgically and analyzed for drug content. Simple aspiration of the bleb 
was not possible because of its sponge-like characteristics. The results 
are shown in Table IX. 

After 60 min, there was a considerable amount of pilocarpine in the 
punctured membrane compared to the through-the-eyelid study. From 
the wet weights obtained, it is clear that localization of the drug solution 
in the through-the-eyelid case was much more difficult than in the 
punctured case. The bleb created by through-the-eyelid injection was 
distinctly smaller; it was difficult to place it near the hulbar conjunctiva. 
Undoubtedly, the difference in physical placement and localization of 
drug solution in the two studies contributed to the difference shown in 
Table IX. The fact that considerable pilocarpine was left a t  the site long 
after appreciable drug levels appeared in the cornea and aqueous humor 
is significant. This result supports the sustained-release concept of 
subconjunctival dosing. However, whether the drug is released locally 
or to the aqueous chamber for long periods depends on the specific drug 
properties and injection formulation. 

DISCUSSION 

Each of the four proposed mechanisms for drug movement into the eye 
interior following subconjunctival injections will be examined, and the 
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Table VII-Lacrimal Fluid Drug Concentration in  the  Dosed Eye versus Time fo r  I X 
Sorensen Buffer following Subconjunctival Injection via Various Routes of Administration 

M Pilocarpine in  200 ~l of pH 6.24 Isotonic 

Minutes 

Micrograms of Pilocarpine per Milliliter of Lacrimal Fluid 
Single-Puncture Multiple-Puncture Single-Puncture 

Injection Injection Injection 
through Membrane through Membrane through Eyelid 

0.5 

1 .0 

2.0 

4.0 

5 .0 

10.0 

15.0 

20.0 

:<0.0 

270.0 

268.2 

275.1 

238.5 

283.5 

118.0 

75.0 

40.1 

18.8 

(86.0)" 416.4 (99.9); 0.287 (0.184): 

(93.5) 398.4 (97.6) 

110.4) 350.8 (74.7) 

259.3 (52.4) 
1131 

100.6) 

187.2 (39.7) (93.4 

(31.7) 95.4 (20.6) 

(31.2) 51.1 (11.3) 

(12.4) 44.4 (12.6) 

11.5 (5.1) 

Ill1 

11 11 

1111 

[I11 

Ill1 

1111 

[I11 

1111 (131 

[ 131 1141 1111 

0.145 (0.075) 

0.082 (0.038) 

0.271 (0.143) 

0.243 (0.75) 

0.161 (0.070) 

0.195 (0.079) 

0.149 (0.070) 

0.437 (0.279) 

[ 1 3)  h 1141 

[ 1 :3] 1141 

~ 4 1  Iy 
[13] (141 

[ 13) 1141 

[ 131 u41 

1141 

[I41 

(6.4) 

Nriinhers in parentheses refer to the standard error nf the mean. * Numbers in brackets refer to the numher of determinations at that point. 

results from the present study will be interpreted in light of these pro- 
posals. Each mechanism contrihutes to the overall movement of drug, 
and it is the magnitude of the contrihutions that is of concern. 

The magnitude and shape of the cornea or aqueous humor pilocar- 
pine-time profile from subconjunctival injection did not differ greatly 
from those achieved after topical dosing (14,20.23), despite the greater 
amount of drug administered by injection. For example, a 25-11 topical 
dose of 1 X lo-* M pilocarpine (0.2% solution) produced a maximum level 
of -1 pg/ml in -30 min. A 200-pl injection of the same concentration 

01 I 1 I 
0 5 10 15 20 30 

MINUTES 
Figure 3-Lacrimal fluid drug concentration versus time profiles for 
I X lo-? M pilocarpine in 200 1 1  of p H  6.24 isotonic Sorensen buffer 
follouing suhconjunctiiul injection via various routes in the dosed eye. 
Key: 0, single-puncture injection through the membrane; and 0, 
multiple-puncture injection through the membrane. Each point rep- 
resents a minimum of 1 3  determinations. Error  bars uere eliminated 
for clarity. 

produced a maximum level of -1.8 pg/ml in -30 min, less than a twofold 
difference despite an eightfold difference in the amount of drug instilled 
or injected. Moreover, the duration of drug levels was almost identical. 
Thus, with pilocarpine, no apparent sustaining effect was evident, unless 
it was a t  a low level, and only a modest increase in the peak level occurred. 
It was possible to produce higher aqueous humor levels of drug with the 
same drug concentration merely by injecting larger volumes. 

To aid in assessing the experimental changes, the areas under the curve 
( A U C )  were measured using a polar planimeter" (Table X). In addition, 
the peak levels and the time to achieve peak levels are important for 
mechanistic discussion purposes. An assessment of drug bioavailability 
from this administration route forms the basis for a separate report'*. 

The data in Table X are depicted graphically in Figs. 4 and 5 to show 
the relationship between the dose volume and AUC for the cornea and 
aqueous humor. The insufficient numher of points does not fully char- 
acterize the lines, but the sigmoidal shape is evident, particularly in the 
corneal data in Fig. 4. These two graphs may be contrasted with the data 
for the contralateral eye shown in Fig. 6. A linear relationship was evident 
over the dose volume range of 50-50011. With the contralateral eye, only 
one mechanism apparently was operative over the dose volume range 
studied; in the dosed eye, more than one mechanism probably was in- 
volved. 

Mechanism 1: Drug  Passes from Injection Site to Systemic Cir- 
culation and Back to Ocular Tissues and Fluids-For this mechanism 

" I  2 300 
1501 

/ / 
/ / /' 

/ / .' 

500 
0 
0 50 100 200 

DOSE VOLUME, pl 
Figure 4-Area under the curve (AUC) from corneal drug concentration 
versus time profiles presented in Fig. I as a function of oolume injected 
subconjunctivally through the conjunctival membrane. The dashed line 
represents the best-fit line through the points, uihereas the solid line 
represents the interpretation of the correct shape of the curve. 

Model 1810-N-10, Dietzgen Corp., Chicago, 111. 
J. Conrad and J. R. Robinson, manuscript in preparation. 
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Table VIII-Comparison of Fluid or Tissue Drug  Concentrations at 30 min following Subconjunctival Dosing with 200 pl of 1 X 
M Pilocarpine in pH 6.24 Isotonic Sorensen Buffer via Various Routes of Administration 

Single-Puncture Multiple-Puncture Single-Puncture 

Tissue or  Fluid through Membrane through Membrane through Eyelid 
Injection Injection Injection 

2.250 (0.399) 0.042 (0.002) 

0.036 (0.002) 

0.119 (0.034) 

0.058 (0.007) 

0.148 (0.006) 

0.437 (0.279) 

Aqueous humora, dosed eye 

Aqueous humor", contralateral eye 

Cornea, dosedd eye 6.482 (1.340) 

Cornea, contraIateraId eye 0.057 (0.008) 

Blood 0.172 (0.014) 

Lacrimal fluid/ 18.8 (6.4) 

1.817 (0.314)b 

0.027 (0.002) 0.036 (0.002) 

7.384 (1.285) 

0.082 (0.006) 

0.134 (0.003) 

11.5 (5.1) 

1~01' [ 121 ' ~ 4 1 c  

[lo1 ~ 3 1  

1121 1131 ll0l 

1121 1131 1131 

(121 ~ 5 1  1101 

1131 1141 1111 

1141 

a Micrograms of pilocarpine per milliliter of aqueous humor. b Numbers in parentheses refer to the standard error of the mean. Numbers in brackets refer to the 
number of determinations at  that point. d Micrograms of pilocarpine per gram (wet weight) of cornea. p Micrograms of pilocarpine per milliliter of blood. / Micrograms 
of pilocarpine per milliliter of lacrimal fluid (tears). 

Table IX-Concentration of Drug in Excised Conjunctival Bleb 
at 60 min following Subconjunctival Dosing with 200 pl  of 1 X 

M Pilocarpine in pH 6.24 Isotonic Sorensen Buffer via 
Injection through the Conjunctival Membrane or through the 
Upper Eyelid 

Micrograms of Pilocarpine per Gram 
of Conjunctiva (Wet Weight) 

Through membrane 
Through eyelid 

2fi.28 (3.11j0 [2llb.' 
~ 

3.267 (0.966)" I181b,c 

a Numbers in parentheses refer to the standard error of the mean. Numbers 
in brackets refer to the number of determinations at  that  point. The wet weight 
of the conjunctival bleb was 240.6 (11.7) I, for the through-the-membrane tissue 
and 128.2 (7.8) fig for the through-the-eyefid case. 

Table X-Comparison of AUC Values Obtained a f t e r  Each 
Route of Administration for  1 X lo-* M Pilocarpine in pH 6.24 
Isotonic Sorensen Buffer Injected Subconjunctivally or 
Intravenously 

Through 
Membrane, Through 

Single Upper 
Volume Puncture, Eyelid, 

Tissue Injected, (pg min)/g (pg min)/g 
or Fluid or ml or ml 

Cornea, doseda eye 

Cornea0, contra- 
lateral eye 

Aqueous humora, dosed eye 

A ueous humor0, contra- 
lateral  eye 

Circulating blood" 

Lacrimal fluid 

50 
100 
200 
500 
50 

100 
200 
500 
50 

100 
200 
500 
50 

100 
200 
500 
50 

100 
200 
500 
200 

7.329 
28.363 

367.970 
874.680 

1.753 
3.140 

11.127 
31.441 
9.742 

20.606 
89.602 

216.598 
0.759 
1.952 
4.078 
9.701 
2.867 
5.085 

10.279 
24.257 

3265.250 

7.326 

15.136 

4.268 

8.498 

1.094 

4.574 

1.075 

4.260 

4.603 

11.744 

6.699 

a Measured over first 120 min. * Measured over first 30 min. The value was 
3137.250 (pg min)/ml in the multiple-puncture through-the-membrane study. 

to be important, equivalent, or a t  least close to equivalent, drug con- 
centration-time profiles should occur in both the dosed and the con- 
tralateral eyes. This clearly is not the case, and earlier studies that 
measured drug in both the dosed and contralateral eye (24,251 agree with 
this finding. The time to achieve peak levels in the aqueous humor of the 
dosed eye was -30 min, whereas it was -60 min or longer in the con- 

250 t 

500 
0 

0 50 100 200 
DOSE VOLUME, MI 

Figure 5-Area under the curve (AUC) from aqueous humor drug 
concentration versus time profiles presented in Fig. 2 Q S  a function of 
volume injected subconjunctiually through the conjunctival membrane. 
The dashed line represents the best-fit line through the points, whereas 
the solid line represents the interpretation of the correct shape o/ the 
curue. 

I .-4 ,~ _.. , , 
0 50 100 200 500 

DOSE VOLUME, u1 
Figure 6-Area under the curve (AUC) from aqueous humor drug 
concentration versus time profiles presented in Fig. 4 Q S  a function of 
volume injected subconjunctiually through the conjunctival mem- 
brane. 

tralateral eye. Moreover, the maximum concentrations achieved in the 
dosed and contralateral eyes differed by orders of magnitude, as did the 
AUC. 

AUC is related directly to the dose volume injected (Fig. 7). Most of 
the injected drug will be absorbed into the systemic circulation, so a linear 
relationship is expected. 

When the AUC for the circulating blood levels at  each volume is plotted 
versus the aqueous humor AUC for the dosed and contralateral eyes, the 
relationships shown in Figs. 8 and 9 result. The intercept in the case of 
the contralateral eye is zero, suggesting that all of the drug in that eye 
came from drug in the blood. However, for the dosed eye, the intercept 
is not zero but intercepts on the blood A UC axis, suggesting a drug source 
other than the blood. 

Another aspect of the blood level studies related to mechanistic in- 
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DOSE VOLUME, PI 
Figure 7-Area under the curue (AUC) from circulating blood drug 
concmtration versus time profiles presented in Table 111 as a function 
of oolume injected subconjunctiually through the conjunctiual mem- 
brane. 
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terpretation is the time-concentration profile resulting from through- 
the-eyelid injection in contrast to through-the-membrane injection 
(Table XI). Aside from some minor differences in the peak time, the data 
are very similar. Moreover, the AUCs in these studies are very similar 
as seen in Table XI. 

The present work was conducted in rabbits with an estimated blood 
volume of about 1 liter. The human eye is similar in size to that of the 
rabbit. but the circulating blood is 7-8 liters, so the dilution effect is ex- 
pected to be even more dramatic. It seems reasonable to conclude that 
a minor amount of drug in the aqueous chamber of the dosed eye comes 
from the circulating blood. 

Mechanism 2: D r u g  Penetrates Eye from Subconjunctival In- 
jection Site by Simple Diffusion through Tissues Underlying 
Site-Earlier autoradiographic studies (5) showed that hydrocortisone 
penetrates the sclera, choroid, and other layers of the globe of the eye. 
In addition, it is expected that drug moves across limbal vessels to enter 
the iris and cornea. However, with pilocarpine, this mechanism does not 
appear to be major for drug gaining access to the anterior segment of the 
eye. 

If movement of drug through the layers of the globe is the principal 
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Figure 9-Comparison of the area under the curue (AUC) from aqueous 
humor drug concentration versus time profiles presented in Fig. 4 to the 
area under the curue (AUC) from circulating blood drug concentration 
versus t ime profiles presented in  Fig. 5 at each volume injected sub- 
conjunctivally through the conjunctiual membrane. 

mechanism, then the method of placement, i.e., puncture or no puncture, 
should have no effect on the drug levels. Clearly, the through-the-eyelid 
injection produced drug levels in the cornea and aqueous humor that were 
orders of magnitude lower (Table XII). 

Additional support for the argument that the majority of drug does 
not come from penetration of the globe can be seen by comparing the drug 
level in the cornea with that in the aqueous humor (Fig. 10). The linearity 
of this plot, particularly a t  high dose volumes, suggests that  almost all 
of the drug in the aqueous humor is being provided by the cornea. Earlier 
studies in this laboratory (1 1,14,20,21,23,26)  showed that back-diffu- 
sion from the aqueous humor to the cornea is not significant, so the high 
levels in the cornea and the linear relationship with aqueous humor levels 
suggest that the drug is provided by the cornea and not the globe of the 
eye. 

Thus, for pilocarpine, direct penetration of the globe is not a major 
factor in getting the drug to the aqueous chamber. For more oil-soluble 

0 u  

T 'O%O 200 300 4b0 500 600 700 800 960 
AUC FROM CORNEA OF DOSED EYE, (gg rnin)/g 

Figure 10-Comparison of the area under the curve (AUC) from 
aqueous humor drug concentration versus t ime profiles presented in  
Fig. I to the  area under the curve (AUC) from corneal drug concentra- 
t ion versus t ime profiles presented in Table I at each volume injected 
subconjunctiually through the conjunctival membrane. 
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Table XI-Comparison of Circulating Blood Level Drug  Concentration versus Time following 50- and 2 0 0 - 4  Subconjunctival 
Injections of 1 X M Pilocarpine in  pH 6.24 Isotonic Sorensen Buffer 

50-pI Dose 
Throurh Membrane, Through 

Minutes Singie Puncture Upper Eyelid 

200-jd Dose 
Through Membrane, Through 

Single Puncture I'pper Eyelid 

5 

10 

0.035 (O.OO1)b 

0.034 (0.002) 
I91 

1111 
20 0.041 (0.002) 

30 

45 

[I21 

Ill1 
0.033 (0.001) 

0.027 (0.002) 

0.051 (0.004)b 

0.073 (0.003) 
[W 
[I21 

[I21 

1121 

0.057 (0.003) 

0.064 (0.004) 

0.051 (0.003) 

NSd 

0.067 (0.009) 

0.108 (0.011) 

0.172 (0.014) 

0.132 (0.013) 

[91c 

1101 

1101 

0.158 (0.007)b 

0.172 (0.004) 

0.157 (0.007) 

0.148 (0.006) 

[12Ic 

I101 

I101 

[ 121 
0.11 2 (0.005) 

r121 1121 1101 I81 
60 0.023 (0.0Olj 

90 0.016 (0.001 

120 0.014 (0.001) 
1101 

0.044 (0.002j 
I121 

0.012 (0.002) 
1101 

0.021 (0.001) 

0.101 (0.004 
I101 

NSd 

0.022 (0.004) 

0.091 (0.003j 
1101 

0.05:3 (0.002) 
1121 

0.061 (0.003) 
[121 r91 171 1101 

~ ~~~ 

Values are the micrograms of ilocarpine per milliliter of blwd. Numbers in parentheses refer to the standard error of the mean. Numbers in hrackets refer to 
the number of determinations at tgat point. Not sampled. 

drugs, such as some corticosteroids, this route may be important. Addi- 
tional studies are needed to confirm or reject this possibility. 

Mechanism 3: Drug  Gains Entrance to Eye by Refluxing ou t  of 
Injection Site followed by Corneal Absorption-The linearity of the 
data in Fig. 10 suggests that  transcorneal absorption of drug is the pri- 
mary mechanism for providing pilocarpine to the aqueous humor from 
a subconjunctival injection. In Fig. 10, the 50- and 100-~1 dose volumes 
fall slightly off the line, suggesting that multiple mechanisms may account 
for the lower volumes, i.e., Mechanisms 1-3; with larger volumes, a 
transcorneal mechanism appears predominant. Figures 4 and 5 indicated 
that multiple mechanisms may have occurred based on the relationship 
between the AUC and dose volume; as the injection volume increases, 
a hack-pressure at  the injection site may force leakage out of the puncture 
hole. 

The case for leakage seems evident after comparing aqueous humor 
drug levels in the dosed eye from through-the-membrane and through- 
the-eyelid studies. Supportive data come from the lacrimal fluid studies. 
A t  the 200-4 injection volume, it is clear from the profiles given in Table 
VII and in Figs. 3 and 4, as well as from the AUC values found in Table 
XI, that leakage must have occurred in the membrane puncture studies. 
Irtjection of drug through the eyelid shows a small quantity of drug in the 
tear film, presumably from diffusion across the conjunctiva and into the 
tear film, but the three orders of magnitude difference in tear film con- 
centration shown in Table VII apparently is due to leakage. 

It  is anticipated that a t  larger injected volumes, such as 500-1000 pl, 
the leakage mechanism would remain predominant. On the other hand, 
smaller volumes are not expected to be as dramatic and, for the 25-100-4 
doses, far less drug is expected in the tear film since other mechanisms 
appear important. 

A recent study on the mechanism of the release of fluorescein from 
subconjunctival injection in the rabbit was reported by Maurice and Ota 
(6). In this study, small injection volumes ( i . e . ,  1 ~ l )  were employed to 
avoid a bleb and the drug was administered by membrane puncture and 
by eyelid puncture. These investigators visually observed the leakage of 
fluorescein out of the injection site, which is in agreement with the present 
findings. 

Relationship of This Study to Other Drugs and to Humans-The 
present study was conducted with the water-soluble alkaloid pilocarpine. 
I t  is not possible to extrapolate from this single drug entity to other drugs 
as to their mechanisms of absorption from subconjunctival injection. 
However, since the principal mechanism for pilocarpine absorption in- 
volves leakage, a process independent of drug structure, it is reasonable 
to assume that a pulse of drug will exit from the injection site and enter 
the tear film in the early minutes after dosing. Whether this initial dose 
can establish a high level of drug in the cornea and aqueous humor is 
dependent primarily on the initial concentration of the drug injected and 
the injected volume. Presumably, increasing the viscosity of the injected 
solution or injection of a drug suspension would minimize the reflux 
process and thus diminish the peak drug level. 

I t  seems unlikely that drugs with a more favorable partition charac- 
teristic for absorption will be absorbed so rapidly into the eye, either by 
direct scleral absorption or absorption across the conjunctiva followed 
by corneal absorption, so as to overwhelm the contribution from leakage 
during the early stages following injection. At later times, all drugs 
probably will show a local sustaining effect since pilocarpine was shown 
to be present in the bleb a long time after injection. Whether this localized 
drug can penetrate the globe of the eye over a long time to give a sus- 
taining effect should he a function of its partitioning characteristics. The 

Table  XII-Comparison of Aqueous Humor Drug  Concentration versus Time following 50- and  200-pl Subconjunctival Injections of 
1 X M Pilocarpine in pH 6.24 Isotonic Sorensen Buffer 8 

5O-pl Dose 200-4 Dose 
Through Membrane, Through Upper Through Membrane, Through Upper 

Minutes Single-Puncture Eyelid Single Puncture Eyelid 

5 0.047 (0.019)b 0.005 (0.0004)b 0.386 (0.078) 0.021 (0.003)b 
181 = 

0.024 (0.001) 0.006 (0.0006) 
1101 

0.032 (0.001) 0.009 (0.0004) 

0.042 (0.002) 0.011 (0.0006 
1101 

0.050 (0.003) 0.010 (0.0007) 
[I21 

0.038 (0.002) 0.01 1 (0.0007) 
1101 

0.040 (0.002) 0.009 (0.0006) 
I121 

120 0.026 (0.008) 0.199 (0.035) 0.041 (0.001) 0.009 (0.0004) 

[11Ic 

1121 

(121 

0.703 (0.133) 

1.442 (0.291) 

1.817 (0.314) 

1.385 (0.213) 

0.505 (0.082) 

NS 

191 c 1131~ 
10 0.127 (0.075) 

20 0.180 (0.102) 

30 0.195 (0.118) 

45 0.136 (0.068) 

60 0.049 (0.00s) 

90 0.032 (0.012) 

1111 

PI 
1121 

Ill1 

1111 

Ill1 

191 

I81 

I81 

[I11 

[91 ~ 4 1  

~ 3 1  

~ 3 1  

[12j 

191 

191 [lo1 t161 [71 
Values are the micrograms of pilocarpine per milliliter of aqueous humor. Numbers in parentheses refer to the standard error of the mean. Numbers in brackets 

refer to the number of determinations at that point. Not sampled. 
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Scheme I--Mechanistic interpretation of drug mouenient from the 
subconjunctival injection site into the dosed eye and contralateral eye. 
At large injection uolumes, leakage is the predominant mechanism, il- 
lustrated by the thick arrow. At /OW injection uolumes, all mechanisms 

contribute to  the process. 

water-soluble drug pilocarpine did not penetrate, hut apparently the more 
oil-soluble hydrocortisone did (5). Additional studies with other drug 
entities and formulation changes will clarify this picture. 

The relationship of the results in rabbits to expected behavior in hu- 
mans is not as clear. Maurice and Ota (6) injected small volumes of flu- 
orescein subcoiijunctivally into rabbits and humans. They observed 
leakage of the dye in the rabbit but not in humans; however, higher levels 
of fluorescein in the human aqueous humor compared to the rabbit were 
obtained. Based on these findings, the question of the suitability of the 
rabbit as a model for subconjunctival injections was raised. 

There has been controversy over the hehavior of fluorescein in these 
two species (27). and the differences may be due to the dye itself. More- 
over, while the small volume interpretation of these investigators may 
be accurate, it probably bears little relationship to what occurs a t  higher 
volumes. It  is probable, based on the work of Maurice and Ota (6), that  
human and rabbit eyes differ in the importance of one mechanism over 
another, especially at  low volumes. Intuitively, however, since leakage 
depends on pressure and large volumes are used clinically, it is not un- 
reasonable to assume that humans and rabbits will behave similarly in- 
sofar as major mechanisms of drug availability are concerned. 

CONCLUSIONS 

The study was initiated to provide mechanistic insight into the 
movement of  drug from the site of subconjunctival injection to the 
aqueous chamber. Several mechanisms apparently are involved in pilo- 
carpine disposition in albino rabbits, depending on the volume of solution 
injected. At low volumes, it appears that transconjunctival permeation 
followed by corneal absorption. systemic absorption followed by return 
via the vascular bed, reflux out of the injection site, and, finally, direct 

penetration of the globe of the eye all contribute to aqueous humor drug 
levels. However, a t  larger volumes, leakage from the injection site is the 
overwhelming mechanism for drug availability (Scheme I). 
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