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PURPOSE. Aqueous humor inflow falls 50% during sleeping hours without proportional fall in
IOP, partly reflecting reduced outflow facility. The mechanisms underlying outflow facility
cycling are unknown. One outflow facility regulator is matrix metalloproteinase (MMP)
release from trabecular meshwork (TM) cells. Because anterior segment temperature must
oscillate due to core temperature cycling and eyelid closure during sleep, we tested whether
physiologically relevant temperature oscillations drive cycles in the activity of secreted MMP.

METHODS. Temperature of transformed normal human TM cells (hTM5 line) was fixed or
alternated 12 hours/12 hours between 338C and 378C. Activity of secreted MMP-2 and MMP-9
was measured by zymography, and gene expression by RT-PCR and quantitative PCR.

RESULTS. Raising temperature to 378C increased, and lowering to 338C reduced, activity of
secreted MMP. Switching between 378C and 338C altered MMP-9 by 40% 6 3% and MMP-2 by
22% 6 2%. Peripheral circadian clocks did not mediate temperature-driven cycling of MMP
secretion because MMP-release oscillations did not persist at constant temperature after 3 to 6
days of alternating temperatures, and temperature cycles did not entrain clock-gene
expression in these cells. Furthermore, inhibiting heat shock transcription factor 1, which
links temperature and peripheral clock-gene oscillations, inhibited MMP-9 but not MMP-2
temperature-driven MMP cycling. Inhibition of heat-sensitive TRPV1 channels altered total
MMP secretion but not temperature-induced modulations. Inhibiting cold-sensitive TRPM-8
channels had no effect.

CONCLUSIONS. Physiologically relevant temperature oscillations drive fluctuations of secreted
MMP-2 and MMP-9 activity in hTM5 cells independent of peripheral clock genes and
temperature-sensitive TRP channels.
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The IOP is determined by the inflow rate of aqueous humor,
the relative outflow through the higher-resistance trabec-

ular pathway and lower-resistance uveoscleral pathway, and the
episcleral venous pressure. Aqueous humor inflow falls by
some 50% during nocturnal hours,1 but is unaccompanied by a
proportional reduction in IOP.2–4 The relative constancy of IOP
arises from an associated fall in outflow facility (equivalent to
an increase in outflow resistance) and shunting of outflow from
the uveoscleral to the trabecular outflow pathway during
nocturnal hours.4–6 Episcleral venous pressure is relatively
constant if measured with the subject in the same position.7

Despite sustained investigation, the triggers for the reduction in
inflow1 and the compensating falls in outflow facility and
uveoscleral outflow are unknown.4–6

One potential link between the reductions in inflow and
outflow facility might be a direct effect of reduced inflow to
lower outflow facility by transiently reducing IOP. However, at

least eight studies of human eyes ex vivo, thereby minimizing
the roles of confounding variables, document that decreasing
IOP does not consistently trigger a fall in outflow facility and
increasing IOP does not consistently increase outflow facili-
ty.8–15 Thus, reduced inflow is not expected to reduce outflow
facility directly.

The basis for the nocturnal fall in inflow also is unclear.
Many candidate mechanisms have been studied, including
oscillations in melatonin level1 and in sympathetic neural
activity.16 The inflow oscillations are circadian in humans and
in laboratory animals.1 Given the diurnal tracking of inflow rate
and outflow facility, the nocturnal reduction in outflow facility
might also reflect a circadian rhythm.

Circadian rhythms are approximately 24-hour endogenous
rhythms in cellular, organ, and whole-body function orches-
trated by transcription-translation feedback loops that consti-
tute molecular clocks. In mammals, such clocks can be found
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across the body, but the master or central clock is located in
the hypothalamic suprachiasmatic nucleus (SCN). The SCN is
reset by light and synchronizes other clocks to the day:night
cycle. The primary loop of the molecular clocks consists of the
transcription factors CLOCK and BMAL1 that interact with
enhancer elements targeting transcription of the genes Period1

(Per1), Period 2 (Per2), Cryptochrome1 (Cry1), and Crypto-

chrome2 (Cry2).17–19 In turn, the translated PER and CRY
proteins inhibit CLOCK-BMAL1–triggered transcription, gener-
ating the circadian feedback loop.

A major signaling pathway by which the central clock of the
hypothalamic SCN synchronizes the body’s circadian rhythm is
through cycling the core temperature by 2 to 48C.20,21 Ocular
temperature also will cycle because of nocturnal eyelid
closure.22 The temperature oscillations can modulate cell
function by acting directly on transient receptor potential
(TRP) temperature-sensitive channels,23 among other cell
targets (see Discussion). In addition, the temperature cycling
can synchronize the rhythms of the body’s cells through
peripheral clocks expressed in most cells and tissues.20,21,24

Changes in temperature and peripheral circadian rhythm are
likely linked through heat shock transcription factor 1 (HSF1),
which also functions as a circadian transcription factor20,21,25

(see Discussion).
In this work, we addressed the potential role of oscillating

body temperature in driving a rhythm of aqueous humor
outflow facility. We focused on outflow, because abnormally
low values of outflow facility are usually associated with
glaucoma, a major cause of irreversible blindness worldwide.26

Although the site and mode of outflow facility regulation
remain under active investigation, the extracellular matrix of
the trabecular meshwork (TM) and juxtacanalicular tissue is
thought to be a major contributor to this resistance. Increased
matrix metalloproteinase (MMP) activity increases outflow
facility,27,28 and inhibiting endogenous trabecular MMP activity
lowers outflow facility.27 Separately and together, MMP-2 and
MMP-9 increase outflow facility.27 Here, we monitored
secreted activity of MMP-2 and MMP-9 as indices of outflow
facility regulation.

The primary question addressed is whether physiologically
relevant temperature oscillations alter activity of MMP-2 and
MMP-9 secreted by cultured human TM (hTM5) cells. As
considered in the Discussion, it was unknown whether
temperature cycling would drive activity of secreted MMP,
and if so, in which direction. The results suggest that diurnal
temperature cycling may be an important modulator of activity
of MMP secreted by TM cells.

MATERIALS AND METHODS

Cellular Model

As previously described,29,30 the transformed TM cell line
hTM5, derived from a healthy human donor (Alcon Research,
Inc., Fort Worth, TX, USA), was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) high-glucose media supple-
mented with 10% fetal bovine serum (FBS) and 2 mM L-
glutamine at 378C in a humidified atmosphere of 5% CO2 and
95% air. Cells from passages 30 to 38 were studied at 378C and
338C.

Solutions and Pharmacological Reagents

Unless otherwise stated, chemicals and media for cell culture
were obtained from GIBCO (Grand Island, NY, USA). The
DMEM with phenol red was purchased from Cellgro (Manassas,
VA, USA). Dimethyl sulfoxide (DMSO) (Sigma-Aldrich Corp., St.

Louis, MO, USA) was used to solubilize hydrophobic drugs,
exposing controls to the same concentration of vehicle
(<0.5%). Drugs and their sources were as follows: KNK437,
an inhibitor of peripheral clock activation by preventing
induction of heat shock transcription factor 1 (HSF1)20,21

(Calbiochem, San Diego, CA, USA); BCTC, an inhibitor of
TRPV131,32 and (in higher concentration) TRPM833 (Enzo Life
Sciences, Inc., Farmingdale, NY, USA); and HC 067047, an
inhibitor of TRPV4 and (in higher concentration) TRPM8 ion
channels34 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA).
The chemical names of KNK437, BCTC, and HC 067047 are N-
formyl-3,4-methylenedioxy-benzylidine-gamma-butyrolactam,
N-(4-tertiarybutylphenyl)-4-(3-cholorphyridin-2-yl)tetrahydro-
pyrazine-1(2H)-carboxamide, and 2-methyl-1-[3-(4-morpholi-
nyl)propyl]-5-phenyl-N-[3-(trifluoromethyl)phenyl]-1H-pyrrole-
3-carboxamide, respectively.

Gelatin Zymography for MMPs

Using the previously reported method,35–38 the activity of
MMP-2 and MMP-9 secreted into the external media was
measured by gelatin zymography. In our past38 and present
experience, the predominant form of the MMP-2 and MMP-9
secreted from human TM cells is in the proactive form and is
therefore enzymatically inactive. However, zymograms mea-
sure enzyme activity of each secreted form of the MMPs
because of enzyme activation during zymography. The secreted
active forms of both MMPs on the gels were inconsistently
visualized, and if present constituted only a small fraction of
the total, and activity of the proform only was assessed in data
reduction. Briefly, hTM5 cells were plated onto 48-well plates
at a density of 62,500 or 120,000 per well. Unless otherwise
stated, after incubation with 10% FBS for 12 hours, the FBS
concentration was reduced to 1% throughout the control and
experimental periods to suppress the rate of cell division.
Further lowering the FBS concentration impaired TM-cell
viability and was therefore not performed. After 24 hours at
1% FBS, cells were confluent. At that point, the media were
replaced with 140 or 200 lL fresh DMEM, with or without
drugs, for the periods specified. Every 12 hours, the
conditioned media were completely collected and the wells
replenished with fresh media. The collected media were
cleared by centrifugation (14,000g) for 20 minutes. The
supernatants were then mixed with the Zymogram Sample
Buffer (Bio-Rad, Hercules, CA, USA), and 15 or 20 lL per
sample was loaded onto each lane of the 10% polyacrylamide
gels for SDS-PAGE separation. After electrophoresis, gels were
washed sequentially with the Zymogram Renaturing Buffer
(2.5% Triton X-100 aqueous solution) for 4 hours, Zymography
Developing Buffer (25 mM Tris-HCl, 2.5 mM CaCl2, 210 mM
NaCl, and 25 lM ZnSO4) for 18 to 24 hours (at 378C), and
Coomassie Brilliant Blue R-250 Staining Solution (Bio-Rad)
overnight. Gels were destained in aqueous solution containing
10% ethanol and 10% acetic acid until clear bands were visible
against the blue background. The gels were subsequently
scanned (Scanjet 3570c; Hewlett-Packard, Palo Alto, CA, USA),
and band density was analyzed by ImageJ software, version
1.45 (http://imagej.nih.gov/ij/; provided in the public domain
by the National Institutes of Health, Bethesda, MD, USA).

Reverse-Transcription PCR for TRPV1-4 and
Glyceraldehyde 3-Phosphate Dehydrogenase
(GAPDH)

The RNA from hTM5 cells was isolated using an RNeasy kit
(Qiagen, Valencia, CA, USA) and treated with RNase-free DNase
I to avoid possible genomic DNA contamination, followed by
reverse-transcription into cDNA by use of Taqman Reverse-
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Transcription Reagents (Applied Biosystems [ABI], Foster City,
CA, USA), according to the manufacturer’s instructions.
Polymerase chain reaction was performed with the AccuPrime
Taq DNA polymerase High Fidelity Kit (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.
Polymerase chain reaction amplification was done using
pr imers 5 0-GCCTGGAGCTGTTCAAGTTC-3 0 and 5 0-
TCTCCTGTGCGATCTTGTTG-3 0 for TRPV1 (177 bp), 5 0-
CAAACCGATTTGACCGAGAT-30 and 50-GTTCAGCACAGCCTTC
ATCA-30 for TRPV2 (167 bp), 50-ACGAGGCAACAACATCCTTC-
30 and 50-CCGCTTCTCCTTGATCTCAC-30 for TRPV3 (226 bp),
50-GACGGGGACCTATAGCATCA-30 and 50-AACAGGTCCAGGA
GGAAGGT-30 for TRPV4 (228 bp), and 50-CCATGGAGAAGG
CTGGGG-3 0 and 5 0-CAAAGTTGTCATGGATGACC-3 0 for
GAPDH (194 bp).39

Polymerase chain reaction products were separated on 1%
agarose gels containing 0.05% ethidium bromide. Bands were
visualized under UV light, sized, and photographed. No
product was detectable on omitting reverse-transcriptase
(RTase[�]), confirming that the cDNA derived from total RNA
was free of genomic DNA contamination.

Real-Time Quantitative PCR (qPCR)

As for RT-PCR (above), RNA was isolated using an RNeasy kit
(Qiagen) following the manufacturer’s protocol. The RNA was
reverse-transcribed using a Superscript II First-Strand Synthesis
kit (Invitrogen). A custom TaqMan quantitative real-time PCR
(qRT-PCR) assay for two clock genes was performed using
primers 50-CCAGTGGACATGAGACCAAC-30 and 50-TTGCCATC
ATCAGGCTAAAG-30 for Per2; and 5 0-AGGACTTGGTCCAG
CTGTCT-30 and 50-GTTCATTCGGGGTCTCTCAT-30 for Cry2,
with 10 ng cDNA in a reaction volume of 25 lL. The probes
were purchased, prevalidated from Integrated DNA Technolo-
gies, Inc. (Coralville, IA, USA). As an endogenous control, b-
actin was used with primers 50-CCAGTGGTACGGCCAG-30 and
50-GCGAGAAGATGACCCAGAT-30. Other reaction components
were provided by Applied Biosystems Power SYBR Green
Universal Mastermix. TaqMan qRT-PCR reactions were carried
out in 96-well plates using a 7300 Real-Time PCR System
(Applied Biosystems) and default thermocycler program.
Analysis was conducted by the DDCt method.

Statistics

Analyses of variance and Student’s t-test were performed with
SigmaStat (Aspire Software International, Ashburn, VA, USA).
After verification that the data passed normality and equal
variance tests, Figures 1 to 3 were analyzed by two-way
repeated measures ANOVA followed by the Holm-Sidak All
Pairwise Multiple Comparison Procedures. Unless otherwise
stated, the results are presented as means 6 SE, with n and N

indicating the number of wells or measurements in an
individual experiment and the number of independent
experiments performed, respectively. A probability (P) of the
null hypothesis of less than 0.05 was considered statistically
significant.

RESULTS

Effect of Temperature Cycling on Activity of
Secreted MMP-9 and MMP-2

In the experiment of Figure 1, cells were incubated during an
initial baseline period (days 1–3) at 378C. During the first 12
hours of the baseline period, the FBS concentration was 10%,
and was thereafter reduced to 1%. After day 3, the culture was

split into two independent sets of six wells of cells, with each
set exposed to a temperature cycle of 12 hours at 338C and 12
hours at 378C. The two sets of cultures were maintained in
reverse phases; one set was exposed to 338C during daytime
hours (daytime 338 protocol) and the other to 378C (daytime
378 protocol). The cells experienced identical dark and light
exposures; the term ‘‘daytime’’ here refers to the laboratory
ambient ‘‘daytime’’ as a reference for the timing of temperature
changes and not to any known circadian phase of the cells.
Following 3 days of temperature cycling (days 4–7), each
culture was incubated at constant temperature, 338C for one
and 378C for the other. The media enriched over the preceding

FIGURE 1. Enzyme activity of secreted MMP-9 (A) and MMP-2 (B)
during and after 3 days of alternating temperature. Mean 6 SE of 12-
hour secretions from two plates of six wells of confluent hTM5 cells
maintained in 1% FBS and cycled between 37 and 338C, 12 hours out of
phase with one another, for 3 days (days 4–7) before being clamped at
37 or 338C (vertical arrows). Each data point is labeled with the
incubation temperature during the preceding 12 hours. The first data

points were obtained from enriched media collected at 9 AM of day 4
following 12 hours of nighttime incubation at either 33 or 378C. The
open squares (daytime 378C) display relative secretory rates of the cells
maintained at 378 during 9 AM to 9 PM; the filled squares (daytime
338C) present the secretory rates of the cells whose temperature was
338C during the same 12-hour period. Immediately after collection of
the enriched media, the temperatures were switched, so that cells
previously incubated at 338C were maintained for the subsequent 12
hours at 378C, and vice versa. Replicate measurements were taken
from each well at each time point and averaged to generate the figure.
Subsequent data points are connected for each set and normalized to
the zymographic intensity of the first measurement of that set
(symbolized by the gray-filled circle at day 4.0). The temperature-
driven oscillations in secretion were diminished or absent after
clamping the temperature at either 378C or 338C (see text).
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12 hours were collected at the times indicated in Figure 1,
following which the temperature was switched. The reverse
temperature cycles of the two sets of wells provided
verification that observed differences in activity of secreted
MMP did not depend on length of incubation, order of
alternating the temperature, light exposure, or other con-
founding variables.

As illustrated by Figure 1, some degree of upward drift was
displayed by the normalized intensity in all experiments,
perhaps reflecting incomplete suppression of cell division
even at 1% FBS. Nevertheless, we detected oscillations in
activity of secreted MMP-9 (Fig. 1A) and MMP-2 (Fig. 1B) that
were synchronous with the temperature cycling. Activity of
secreted MMP was consistently higher during 12-hour incuba-
tions at 378C than at 338C, irrespective of protocol. Analysis
was conducted with two-way repeated measures ANOVA, with
temperature and day as the two factors. The effect of
temperature was significant for both MMP-9 (daytime 338C, P

¼ 0.003 and daytime 378C, P ¼ 0.002, Fig. 1A) and MMP-2
(daytime 378C, P < 0.001, Fig. 1B). Temperature did not
significantly affect the daytime 338C measurements of MMP-2
secretion in Figure 1B (P ¼ 0.146). In all experiments, the
relative effect on MMP-9 was either greater than (Fig. 1) or
equal to (Figs. 2–3) that on MMP-2. At the time of the vertical
arrows in Figures 1A and 1B, the temperature was fixed at 338C
or 378C. Clamping the temperature constant after 3 days of
temperature cycling markedly reduced the oscillations in MMP
activity, an effect evident within the first 36 hours.

We wondered whether a more sustained period of
temperature cycling might be more effective in entraining
oscillations in MMP activity before clamping the temperature
constant. In the experiment of Figures 2 and 3, temperatures
were alternated between 37 and 338C for 6 days, twice as long
as in the experiment of Figure 1. Figure 2B displays MMP
intensities measured after each 12-hour interval during that 6-
day period. Once again, two-way repeated measures ANOVA
detected significant enhancement of the averaged relative
intensities of Figure 2B at the higher temperature, for both
MMP-9 (P¼0.001) and MMP-2 (P < 0.001) during the period of
temperature cycling. Figure 2A presents a representative
zymogram obtained with one of the four wells studied in that
experiment. Careful viewing of the zymogram indicates that
the intensity and height of each band is greater for collections
conducted at 378C and smaller at 338C.

The presentation of Figure 3 permits the temperature-
driven oscillations in activity of secreted MMP to be visualized
more clearly, separated from long-term background drift.

FIGURE 2. Enzyme activity of secreted MMP-9 and MMP-2 during 6
days of alternating temperature. As in Figures 1A and 1B, the mean 6

SE of relative MMP intensities (B) have been calculated from replicate
measurements of media from four wells, enriched over the preceding
12 hours at either 378C or 338C. The temperatures during those
collections are indicated at the top of (A), which also presents a
representative zymogram from one of the wells included in the
averaged data of (B). The bands of (A) are centered over the time point
at which the enriched media were collected, and display greater height
and intensity at the higher temperature. Two-way repeated measures
ANOVA of the scanned band intensities indicates that the relative
intensities of both MMP-9 (P ¼ 0.001) and MMP-2 (P < 0.001) were
larger at 378C than at 338C.

FIGURE 3. Effects of 6 days of temperature cycling on activity of
secreted MMP-9 and MMP-2, before and while subsequently clamping
temperature at 338C (A) or 378C (B). Data are presented as differences
in secretion between successive 12-hour periods. The means 6 SEs of
(A) have been calculated from the replicate measurements from four
wells of Figure 2. The means 6 SEs of (B) have been calculated from
replicate measurements conducted in parallel with a separate set of
four wells. The differences measured on increasing temperature from
338C to 378C are labeled ‘‘dþ’’ and differences observed on reducing
temperature from 378C to 338C are identified as ‘‘d�.’’ Differences
noted between successive measurements at a constant temperature of
338C or 378C are labeled ‘‘d.’’ Temperature oscillation significantly
drove MMP-9 and MMP-2 secretion oscillation (see text). However, no
significant entrainment of those oscillations was detected for either
MMP-9 or MMP-2 at constant 338C or 378C (see text).

Temperature Oscillations Cycle Activity of MMP-2,9 IOVS j February 2015 j Vol. 56 j No. 2 j 1399

Downloaded from iovs.arvojournals.org on 04/01/2024



Figure 3 presents the time course of sequential differences in
MMP activity over the 6-day temperature cycling. As in Figures
1 and 2, MMP secretion was first normalized to the initial
collection sample. Then, the differences in MMP secretion
were calculated as the 12-hour secretions collected at any time
point (t) minus those collected at the previous time point (t-1)
12 hours earlier. Plotting these differences in secretion as a
function of time more clearly revealed the highly significant,
temperature-driven oscillations in MMP secretion (Fig. 3).
Differences in activity of secreted MMP on increasing
temperature from 338C to 378C are labeled ‘‘dþ’’ and the
secretion differences noted on decreasing the temperature are
identified as ‘‘d�.’’ Analyzed by two-way repeated measures
ANOVA and the Holm-Sidak test, oscillating differences in
activity were significantly associated with temperature cycling
during the period of temperature oscillations for both MMP-9
(P < 0.001, Fig. 3A, and P ¼ 0.022, Fig. 3B) and MMP-2 (P ¼
0.001, Fig. 3A, and P ¼ 0.031, Fig. 3B). Averaged for the five
experiments conducted, switching between 33 and 378C
produced mean 6 SE changes in activity (n ¼ 436) of 0.40 6
0.03 in MMP-9 and 0.22 6 0.02 in MMP-2.

Clamping the temperature constant markedly dampened
the fluctuation magnitude of the differences in zymographic
intensity. Fixing the temperature at 338C reduced the changes
in activity of MMP-9 by 60% 6 4% and of MMP-2 by 59% 6 6%
(Fig. 3A). Fixing the temperature at 378C produced comparable
effects, reducing changes in activity of MMP-9 by 53% 6 15%
and of MMP-2 by 78% 6 6% (Fig. 3B). To address whether the
residual fluctuations at constant temperature were influenced
by the previous exposure to temperature cycling, data were
analyzed with two-way repeated measures ANOVA and then
the Holm-Sidak Pairwise Multiple Comparison Procedures. Day
was one of the two factors analyzed. The other factor tested
was the potentially entrained rhythmicity established by the
earlier period of temperature cycling. No significant entrain-
ment was detected for MMP-9 (P¼ 0.76) or MMP-2 (P¼ 0.26)
after fixing the temperature at 338C in the traces of Figure 3A.
Likewise, no significant entrainment was observed for MMP-9
(P¼ 0.37) or MMP-2 (P¼ 0.74) after fixing the temperature at
378C in the traces of Figure 3B. With one exception, no
significant dependence on day was noted when the temper-
atures were clamped at either 33 or 378C. That exception was
the increase in fluctuations noted (P ¼ 0.004, Holm-Sidak
method) for MMP-9 at days 9 to 10 with the temperature fixed
at 378C (Fig. 3B). The differences in activity of secreted MMP-2
displayed qualitatively similar fluctuations on those days, but
day was not a significant factor for MMP-2 at 378C (P ¼ 0.28,
Fig. 3B).

Effect of Inhibiting HSF1 on Secretion of MMP-2
and MMP-9

The preceding results (Figs. 1–3) demonstrated that tempera-
ture cycling drives oscillations in activity of secreted MMP. The
retention of only small subsequent fluctuations in MMP
secretion at constant temperature suggested that the temper-
ature effect might be mediated by a direct effect on one or
more cell processes, rather than through temperature entrain-
ment of peripheral clock genes. We pursued this possibility
with a complementary test of the potential role of clock genes
by applying 100 lM KNK43721,40 to block the action of HSF1,
which links temperature oscillations to cycling of peripheral
clocks (see Discussion).

Figure 4 displays results averaged from two experiments
conducted identically. The KNK437 prevented the upward
drift in mean activity of secreted MMP-9 (Fig. 4A) and MMP-2
(Fig. 4B) observed with vehicle-treated control cells, and
actually inhibited MMP-9 (Fig. 4A). In each experiment,

duplicate measurements of enriched media were conducted
and averaged from each of six wells at each time point. The
KNK437 reduced the mean activity of secreted MMP-9 by 53%
6 8% in comparison to that of the drug-treated cells in the
baseline period (P < 0.001, one-way repeated measures
ANOVA and Holm-Sidak test after verifying equal variance
and normality by the Shapiro-Wilk test). The KNK437 also
reduced the temperature-driven oscillations in activity of
secreted MMP-9 by 68% 6 9% (P < 0.001, using the same
statistical approach).

In contrast, KNK437 did not inhibit the mean activity of
secreted MMP-2. In comparison with that during the baseline
period, the activity of MMP-2 was slightly increased (by 6% 6

4%, P¼ 0.003 using the same statistical analysis). The KNK437
also did not affect the temperature-triggered oscillations. The
differences in activity of secreted MMP-2 in the drug-treated
cells before and after KNK437 were not normally distributed
(Shapiro-Wilk test), but analysis with repeated measures
ANOVA on ranks indicated that the probability of the null
hypothesis was 0.414.

FIGURE 4. Effect of inhibiting HSF1 with KNK437 on temperature-
driven oscillations in activity of secreted MMP. The graphs have been
generated by averaging the results of two experiments obtained from
replicate measurements of enriched media from six wells each for
every time point. Incubation with 100 lM KNK437 inhibited MMP-9
secretion (A) and prevented the upward drift of MMP-2 secretion
observed with vehicle-treated cells (B). The KNK437 also reduced
temperature-driven cycling of MMP-9 (A) but not of MMP-2 secretion
(B) (one-way repeated measures ANOVA; see text). The probabilities of
the null hypothesis calculated by Student’s t-test for point comparisons
of total activity of secreted MMP are labeled as follows: *P < 0.05, ‡P <
0.01, and §P < 0.001.
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Effect of Temperature on Expression of TM-Cell
Clock Genes

In addition to the foregoing tests for entrainment and HSF1
inhibition, the potential role of peripheral clock genes in
temperature-driven cycling of MMP release was probed by
determining whether the clock genes Per2 and Cry2 cycle in
response to temperature oscillations. These genes are ex-
pressed in human TM cells.41

In the first experiment (Figs. 5A, 5B), the incubation
protocol was qualitatively similar to that of Figure 1. After an
initial baseline period of 1 day in 10% FBS at 378C,
temperatures were alternated between 338C and 378C at 9
AM and 9 PM over the succeeding 60 hours of incubation in 1%
FBS. During the temperature cycling, half the cells were first
incubated at 338C (cells of Fig. 5A) and half were retained at
378C (cells of Fig. 5B), to initiate oscillations that were 12
hours out of phase. At 3-hour intervals during the last 12 hours
of incubation (Figs. 5A, 5B), RNA was collected from both sets
of cells. Three to four replicates were analyzed for each time

point. The qPCR measurements were normalized to the first
data point of each temperature cycle. Both Cry2 and Per2

displayed enhanced gene expression at 12 hours (9 PM of the
final day), regardless of whether the cells had been incubating
at 338C or 378C. The probabilities of the null hypothesis, that
the relative gene expression was one, were less than 0.02 at
338C (Fig. 5A) and less than 0.005 at 378C (Fig. 5B) for both
Cry2 and Per2 by Student’s t-test. The peaks in gene expression
did not correspond to the temperature cycle because the
measurements of Figure 5A were conducted at 338C, whereas
the measurements of Figure 5B were obtained at 378C.
Duplicate qPCR measurements obtained with different cDNA
collections from the same cells led to similar results. These data
suggested that the observed synchrony of Cry2 and Per2 clock-
gene expression was not the result of the associated
temperature cycling. Per2 also displayed a small but significant
fall in gene expression after 6 hours of incubation at 378C (Fig.
5B, P < 0.005, Student’s t-test), but that change was
unaccompanied by a corresponding change in Cry2 expres-
sion.

FIGURE 5. Expression of clock genes Per2 and Cry2. Data points were generated by averaging three to four replicate qPCR measurements, using
the DDCt method. In the experiment of (A) and (B), cells were initially plated into 10% FBS and 12 hours later incubated in 1% FBS for the rest of the
experiment. After initial incubation at 378C, temperature was switched between 338C and 378C every 12 hours for 60 hours, beginning and ending
either at 338C (A) or at 378C (B). Cells were analyzed on the final day at the times indicated on the abscissa. Irrespective of the phase of temperature
cycling, peak expressions of both Cry2 and Per2 were observed at 12:00 hours (*P < 0.02, #P < 0.005, Student’s t-test). Duplicate qPCR
measurements with different cDNA collections from the same cells gave similar results. (C) Cells were incubated in 10% FBS for 12 or 24 hours
before reducing FBS to 1% (see text). Even in the absence of any temperature cycling, Cry2 was significantly activated at 12:00 hours of the final day
(of RNA collection) (@P < 0.05) and there was a trend for an accompanying increase in Per2 (^0.1 > P > 0.05). (D) In the absence either of
temperature cycling or lowering of the 10% FBS, no activation was noted on the final day of collection. A small, but significant reduction in Per2 was
observed at 6:00 hours (*P < 0.02, Student’s t-test).
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To verify that the changes in clock-gene expression (Figs.
5A, 5B) were not driven by the temperature cycling, qPCR
measurements were conducted in a second experiment
without temperature oscillations. All cells were first plated
into medium containing 10% FBS at 378C. The FBS was then
reduced to 1% after either 12 or 24 hours of exposure to the
10% concentration. The total incubation time was identical (60
hours) for the two sets of cells before the day of RNA
collection. The Cry2 of cells incubated in 1% FBS for 48 hours
again displayed a peak gene expression at 12 hours in three
replicates (Fig. 5C, P < 0.05, Student’s t-test). The Per2 also
displayed a trend toward a peak gene expression at 12 hours in
three replicates (Fig. 5C, 0.1 > P > 0.05, Student’s t-test).
These results supported the conclusion that temperature
cycling was not necessary to elicit the observed time course
in gene expression noted in Figures 5A and 5B. Rather, the
peaks observed could have reflected either responses to
lowering FBS concentration42 or spontaneous clock-gene
cycling.

In a third experiment, the potential role of changes in FBS
concentration was tested. Clock-gene expression was mea-
sured by qPCR after incubating cells in 10% FBS for 60 hours at
a fixed temperature of 378C. In contrast to Figures 5A through
C, measuring gene expression at the same times on the day of
collection revealed no cycling of Per2 or Cry2 (Fig. 5D). The
results suggested that the activated clock-gene expression
displayed in Figures 5A through C was triggered by changes in
FBS concentration, and did not reflect spontaneous synchro-
nized cycling in the cultured hTM5 cells. This conclusion was
further supported by the results of a fourth experiment in
which temperature was again held constant at 378C and the
FBS concentration was 10%. Following an initial preincubation
period of 24 hours, the qPCR measurements were conducted
at the same times as in Figure 5D, but during 3 consecutive
days. Once again, no consistent changes were noted in the
time courses of Per2 and Cry2 expression (results not shown).
These data suggested that lowering FBS concentration initiates
synchronous oscillations of clock-gene expression.

Effect of Inhibiting Temperature-Sensitive Ion
Channels

The preceding results suggested that temperature cycling did
not produce synchronized cycling of clock genes in the
cultured TM cells (see Discussion). An alternative possibility
was that the oscillations in secretion could possibly reflect
direct actions of temperature on temperature-sensitive chan-
nels, thereby triggering signaling cascades. Ion channels that
have been thought to display mode changes over physiolog-
ically relevant temperatures are TRPV1, TRPV3, TRPV4, and
TRPM8,23 although doubts have been raised about whether
TRPV3 and TRPV4 are functional thermosensors.43 The TRPV2

to 4 and at least one splice variant of TRPV1 are expressed in
the TM.41 The probability of gene expression of the cold-
sensitive TRPM8 channel is less secure.41 We verified the
expression of TRPV1 to 4 in hTM5 cells by RT-PCR (Fig. 6).

We addressed the possibility that these channels might play
a mediating role in the temperature-driven oscillations in
activity of secreted MMP by applying channel inhibitors. We
initially applied ruthenium red, which inhibits TRPV1 to 4,
among other channels. However, prolonged exposure to this
drug over periods of days markedly reduced cell viability. In
contrast, the TM cells tolerated prolonged exposure to 10 lM
BCTC. At this concentration, BCTC primarily abolished the
upward drift of both MMP-9 (Fig. 7A) and MMP-2 (Fig. 7B)
noted with the vehicle-treated controls. In addition, compar-
ison of the data from the drug-treated cells before and after
adding BCTC indicated that the inhibitor partially reduced the
mean activity of secreted MMP-9 (P¼ 0.024, one-way repeated
measures ANOVA followed by Holm-Sidak test). At the
conclusion of the experiment (at 6.5 days), secreted activity
of both MMP-9 and MMP-2 were approximately 50% lower in
the BCTC-treated cells than in the cells exposed to vehicle

FIGURE 6. Expression of TRPV1-4 channels detected by RT-PCR.
Omission of reverse-transcriptase (RTase[�]) eliminated product,
verifying that the cDNA contained no significant DNA contamination.
The internal control was GAPDH. Similar results were obtained in a
duplicate experiment conducted with RNA obtained from different
cells.

FIGURE 7. Effect of BCTC on activity of secreted MMP. As in Figure 1,
secretion was measured during 12-hour periods at alternating
temperatures of 338 and 378C. Drug or vehicle (DMSO) was added at
the vertical arrows. Data from both the drug- and vehicle-treated cells
were obtained by averaging the results of two experiments, each
conducted with replicate measurements from six wells. At 10 lM,
BCTC partially inhibited mean activity of secreted MMP-9 (A) and
prevented the upward drift in mean activity of secreted MMP-2 (B) in
comparison with the vehicle-treated cells. The BCTC did not
significantly alter the magnitude of the temperature-driven oscillations
noted in the control period for either MMP-9 or MMP-2 (see text).
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alone. However, analysis by paired t-test indicated that BCTC
did not significantly change the temperature-driven oscillations
in activity of MMP-2 (P ¼ 0.591) observed during the control
period. The paired MMP-9 data did not pass the Shapiro-Wilk
normality test, so that those results were analyzed with the
Wilcoxon signed rank test. The latter test suggested that the
temperature-driven oscillations in MMP-9 also were unaffected
by the BCTC (P ¼ 0.063).

At 10 lM, BCTC inhibits both TRPM8 and TRPV1.33 To
distinguish between these two targets in having mediated the
secreted MMP activity, we examined the effect of HC 067047,
which at 1- and 10-lM concentration inhibits both TRPM8 and
TRPV4 channels.34 At these concentrations, HC 067047 did not
alter cell viability and affected activity of neither secreted MMP-
9 nor MMP-2 (data not shown). Because TRPM8 was a target
common to both BCTC and HC 067047, but only BCTC was
effective, the results suggested that the other BCTC target,
TRPV1 channels, may play a role in mediating total activity of
secreted MMP-2, albeit not its temperature-driven oscillations.

DISCUSSION

The central finding of the current work is that small, likely
physiologically relevant oscillations in temperature do drive
oscillations in activity of secreted MMP-9 and MMP-2 by
cultured hTM5 cells. Two considerations led us to cycle the
temperature between 37 and 338C. First, the central clock
cycles core temperature of healthy human subjects by 2 to
48C.20,21,44 Second, the temperature of the TM cells also must
be strongly affected by the nearby corneal surface temperature
when the eyelids are open. Under this condition, the mean
ocular surface temperature of healthy subjects has been
estimated from infrared ocular thermograms to be 31.9 6
0.58C (mean 6 SE) at room temperature.45 Geiser et al.46

reported a similar value (32.7 6 0.38C) in young healthy
subjects using the same technique. That value depended
strongly on ambient temperature, falling to 26.4 6 0.98C at
�208C and rising to 36.2 6 0.58C at 408C. The infrared results
underestimate corneal cell temperature, as the measurements
reflect the temperature of the tear film surface. Increasing
depth of that film will shift temperature at the cell surface
closer to the core body temperature. Estimates based on a
theoretical model suggest that even the retinal temperature
varies significantly from 35.28C to 37.18C at ambient temper-
atures of �208C and 408C, respectively.46 The TM-cell
temperature must lie between the corresponding values at
the corneal surface and at the retina. Subject to these
uncertainties, the temperature cycling chosen, alternating
between 378C and 338C, is likely to be physiologically relevant.

The observation that a small temperature drop inhibits
activity of secreted MMP was by no means predictable, given
available data from more extreme temperature changes than
those studied here. Temperature might affect protein forma-
tion, flux through the Golgi complex, and accessibility to the
plasma membrane, as well as secretion. For instance, reducing
temperature from 37 to 268C markedly accelerates Golgi
processing of mutant CFTR DF508 protein expressed in NIH
3T3 cells within 12 hours.47 A much larger temperature
reduction to 48C has specifically stimulated MMP secretion
from hepatic sinusoidal endothelial cells within 30 minutes by
inducing actin disassembly.48 The temperature dependence of
the actin cytoskeleton is expected to be highly dependent on
cell type, activity, and topography. For example, cooling to 48C
rapidly disassembles F-actin within lamellipodia of chemo-
attractant-stimulated polymorphonuclear leukocytes, but has
little effect on unstimulated cells, in which the turnover of F-
actin is much lower.49 Confocal microscopy and immunohis-

tochemistry specifically of TM cells, both human and porcine,
have demonstrated that MMP-2 colocalizes with podosome- or
invadopodia-like structures (PILS) that may serve as foci for
extracellular matrix turnover.50 The effect of temperature on
MMP-2 secretion at PILS or elsewhere on TM-cell plasma
membranes is unknown.

In principle, temperature cycling initiated by the central
clock and eyelid position during the diurnal and nocturnal
hours could drive cycling of MMP secretion either by acting
directly on temperature-sensitive targets, such as temperature-
sensitive ion channels, or by synchronizing the peripheral
clock genes of the TM cells. Three current results argue against
mediation by the peripheral clock of the TM. First, 3 to 6 days
of temperature cycling did not significantly entrain oscillation
in MMP secretion after the incubation temperature was
clamped constant. Second, interrupting the link between
temperature oscillations and clock-gene activation by blocking
HSF1 reduced temperature-driven cycling of MMP-9, but not of
MMP-2, activity. The HSF1 oligomerizes in response to
temperature jumps21 and functions as a circadian transcription
factor.25 The inhibitor KNK437 prevents temperature-triggered
increases in HSF1 mRNA40 and inhibits the responses of
peripheral clocks to changes in temperature.20,21 Third, we
were unable to document temperature-driven cycling of the
TM clock genes Per2 and Cry2. The activations observed of
these clock genes could be ascribed to the accompanying
reductions in FBS from 10% to 1%, performed to minimize
changes in gene expression associated with cell division. Shifts
in serum concentration have been reported to trigger circadian
changes in cultured cells.42 No activation of Per2 and Cry2 was
noted when cells were incubated at constant 10% FBS and at
constant temperature. Thus, these clock genes do not appear
to cycle synchronously in cultured hTM5 cells and are
apparently not activated or cycled by alternating temperature
between 33 and 378C. We cannot exclude the possibility that
oscillations occur spontaneously in single hTM5 cells, but are
not synchronized across cells. This would account for the lack
of detectable oscillations in the population.

Expression levels specifically of Per and Cry were assayed in
this study. These are the most robust ‘‘cyclers’’ in the core
feedback loop of the clock, and therefore provide a reliable
readout of the molecular clock. Expression of BMal1 mRNA is
rhythmic, but the cycling is not as robust as that of Per and Cry,
and in addition, clock function can persist in the absence of
this cycling.51 We acknowledge that other clock genes (e.g.,
rev erb a) could be involved in the response to temperature,
but their involvement would likely reflect a noncircadian
function, as core components of the clock (Per, Cry) are not
affected.

Insofar as the temperature-driven oscillations in activity of
secreted MMP-9 and MMP-2 do not appear to be mediated by
clock-gene cycling in TM cells, we addressed the possibility
that the oscillations might result from signaling cascades
initiated by temperature-sensitive ion channels. Of particular
interest is the TRP family of channels, which includes 28
mammalian members.43 The TRP channels are nonselective
cation channels, which can function in the plasma and
intracellular membranes and can be activated by both physical
and chemical stimuli.43 Although a number of other ion
channels display some temperature sensitivity,52 temperature-
responsive TRP channels are of particular interest because they
exhibit unusually large thermal sensitivity and constitute the
primary temperature sensors in mammalian sensory nerve
endings.23,53,54 Three subfamilies, the vanilloid TRPV channels
and the melastatin TRPM and the canonical TRPC channels
include at least one temperature-sensitive member (ther-
moTRP).43 Of these thermoTRPs, the heat-sensitive TRPV1
and the cold-sensitive TRPM8 channels are most likely relevant
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to the physiologic temperature shifts of TM cells. Activation
temperatures for TRPV1 and TRPM8 have been cited to be
higher than 438C and lower than 288C, respectively.23 Those
activation temperatures may be modified by ambient condi-
tions to be more closely physiologically relevant. For example,
very strong depolarization activates TRPV1 even at room
temperature.23 Extracellular protons also have been suggested
to facilitate gating movement by disrupting hydrogen bonds,
sensitizing TRPV1 channels to smaller temperature changes.55

These shifts in activation temperature likely reflect induced
changes in the specific heat capacity during ion gating.52,56

The gene TRPV1 is expressed, but the probability of TRPM8
expression is much lower in TM cells.41 We have verified gene
expression of TRPV1-4 in hTM5 cells by RT-PCR (Fig. 6).

The blocker HC 067047 is a potent, selective inhibitor of
hTRPV4. This compound inhibits human TRPV4 with the half
maximal inhibitory concentration (IC50)¼ 48 6 6 nM (mean 6
SE). The HC 067047 does not inhibit other TRPV isoforms at
concentrations up to 5 lM. The HC 067047 inhibits the human
ether-à-go-go–related gene channel and the menthol receptor
TRPM8 with IC50 values of 370 and 780 nM, respectively.34 In
contrast, the compound BCTC has been regarded as a potent,
selective inhibitor of hTRPV1, with an IC50 of 2.6 6 1.2
lM,33,57 but also inhibits mouse TRPM8 (IC50 of 0.8 6 1.0
lM).33 In the present work, BCTC, but not HC 067047,
inhibited total MMP activity, suggesting that TRPV1 may play a
role in modulating that secretion. However, inhibition of
TRPV1 did not modify the temperature-dependent oscillations
in secreted MMP-2 and MMP-9 activity.

In summary, we have measured activity of secreted MMP-2
and MMP-9 by isolated hTM5 cells as an index of TM-cell
function in modulating outflow facility in vivo. Cycling
temperature over a small, likely physiologically relevant range
produced activity changes of approximately 40% in secreted
MMP-9 and approximately 20% in secreted MMP-2. The
mechanism linking cycling of temperature to MMP secretion
is unclear. Our data indicate that neither synchronous cycling
of TM clock genes Per2 and Cry2 nor temperature-sensitive
TRP channels mediate temperature-driven cycling of secreted
MMP-9 and MMP-2 activity. Still, temperature-sensitive TRP
channels may prove important in the potential temperature-
dependent secreted activity of other MMPs and of TIMPs
(tissue inhibitors of MMPs).

Our current results point to a promising new area for
investigation to dissect the circadian biology of aqueous humor
dynamics. Our approach warrants extension to primary
cultures of human TM cells and to TM in situ, and
consideration of additional MMPs and TIMPs.
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