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From: William Saletan
Subject: Part 1. Cures Now
Posted Monday, July 25, 2005, at 9:30 AM PT


This is the first part of a five-part series. 

Two weeks ago, members of Congress held a press conference to demand Senate ratification of H.R. 810, a bill to expand federal funding of human embryonic stem-cell (or hES) research. Alternative schemes to get stem cells without killing embryos would take too long, they argued. "There is only one bill which may quickly open the door to medical solutions. That is H.R. 810," said the bill's sponsor, Rep. Michael Castle, R-Del. He pointed to the glut of embryos left over from fertility treatments and concluded, "It simply makes no sense at all not to take advantage of what is already immediately available."

But the Castle bill isn't the quickest way to open the door to medical solutions. If we're going to take advantage of what's already available, the quickest way is to open a different door. The Castle bill, which has already passed the House, would open a door President Bush closed on Aug. 9, 2001, when he agreed to fund hES research on cell lines derived before that date but not afterward. Research proponents dismiss Bush's rule as irrational. At the press conference, Michael J. Fox asked, "Once you say we can do this much of it, what's the difference?"

The other door, the one that's blocking more-immediate help, has been closed by research proponents themselves. To get transplantable tissue your body won't reject, cells from somebody else—the cells you'd get from the Castle bill—won't do. You need cells with your DNA. You need a clone. This is why most senators support legislation sponsored by Sens. Orrin Hatch, R-Utah, and Dianne Feinstein, D-Calif., that would ban cloning for procreation but keep it legal for research. The cloning bill forbids preservation of cloned embryos beyond two weeks. "After 14 days, an unfertilized blastocyst begins differentiating into a specific type of cell such as a heart or brain cell and is no longer useful for the purposes of embryonic stem cell research," Feinstein told her colleagues.

But if the goal is tissue, clones aren't less useful after 14 days. They're more useful, precisely because they're differentiating into the cell types that patients need. Why stop research at 14 days? Once you say we can do this much of it, what's the difference?

Four years ago, a team led by John Gearhart, one of the field's top researchers, published a study of cells "derived and cultured from 5-, 6-, 7-, and 11-week postfertilization primordial germ cells." The derived cells, unlike hES cell lines from embryos before 14 days, caused no tumors when they were injected into mice. Gearhart's team found that the derived cells "may be useful … as a resource for cellular transplantation therapies." When Gearhart testified before the President's Council on Bioethics in April 2002, he was asked, "Would it in fact be the greatest advantage if a patient's own cell line could be derived from primordial germ cells?" He replied:

Oh, boy, this committee would—well, wow. Now, think what this means. It means that you would be generating an embryo, and having it implanted. Now, what you don't know is that our fetal tissue comes from 5-to-9 weeks post-fertilization. These are therapeutic abortions. And which means now that you are way beyond—I mean, the point of where a blastocyst is, and obviously way beyond I think anyone subscribing to that approach.

In other words, ethics said no, but science said yes. And science was just beginning to speak. Three weeks before Gearhart testified, a team featuring two other top researchers, George Daley and Rudolf Jaenisch, reported development of a therapeutic cloning system that included "differentiation of [cloned] ES cells in vivo" prior to transplantation. "In vivo" meant that the cells differentiated—matured into specific tissues—in a living organism. When the researchers fixed a gene in mouse ES cells, derived embryos from the cells, and grew the embryos into 1-month-old mice, "bone marrow cells derived from the 'repaired' ES cell mice were able to fully function after transplantation" into the mice that had been cloned. But when the researchers tried "in vitro differentiation of the repaired ES cells instead of in vivo formation of normal bone marrow," they ran into "unanticipated biological principles" that thwarted transplantation.

Something crucial had happened during differentiation in vivo but not in vitro. What was it? As more data came in, the problem persisted. In July 2002, a team led by Robert Lanza and Michael West of Advanced Cell Technology reported data in cows that suggested "cloned cells and tissues … can be grafted back into the nuclear donor organism without destruction by the immune system." Unfortunately, said the team, "bovine ES cells capable of differentiating into specified tissue in vitro have not yet been isolated. It was therefore necessary in the present study to generate an early-stage bovine embryo." The team took "cardiac and skeletal tissue" from "five- to six-week-old cloned and natural fetuses" and derived kidney cells from "seven- to eight-week-old cloned and natural fetuses." (Cow gestation takes a bit longer than human gestation, so equivalent human fetuses would be younger than eight weeks.) The authors concluded, "This strategy could not be applied in humans, as ethical considerations require that preimplantation embryos not be developed in vitro beyond the blastocyst stage."

Transplantation forged ahead, but differentiation lagged. Until scientists could grow the necessary tissues in the lab, they would have to enlist nature. Six to seven weeks of embryonic development seemed to do the trick. In 2003, Israeli researchers published a study showing that "when human and pig kidney precursors are obtained from 7- to 8-week human or 3.5- to 4-week pig gestation and transplanted into immunodeficient mice, they survive, grow and undergo complete nephrogenesis, forming a functional organ able to produce urine. Embryonic renal cells of earlier origin fail to mature into the desired professional cell fate." The authors wrote, "Our data pinpoint a window of human and pig embryogenesis that may be optimal for transplantation in humans."

Last year, Lanza, West, and colleagues reported that they had used cloned tissue to repair heart-attack damage in mice. "Stem cells derived from cloned embryos are sufficiently normal to repair damaged tissue in vivo," they announced. But the mouse embryos they used had gestated for 11 to 13 days—the equivalent of about five months in humans. Again, they cautioned, "the approach used in this study cannot be applied clinically because the cells were obtained from fetuses and ethical principles require that preimplantation embryos not be allowed to grow beyond the blastocyst stage." A third study by the Lanza-West group, published last month, found that liver stem cells from 4-month-old fetal calves "showed a 10-fold competition advantage" over comparable adult cow stem cells as transplant material.

So, here's the dilemma: We've proved we can transplant differentiated tissue into animals. We've proved they won't reject it if it's cloned. We've proved it can rebuild their organs or cure them of genetic diseases. What we haven't proved is that we can grow all this tissue in vitro. Why not? Can we afford to wait, or should we grow it in vivo? Tomorrow we'll talk about the science. Then we'll talk about the ethics.


From: William Saletan
Subject: Part 2: It Takes a Vivo
Posted Tuesday, July 26, 2005, at 3:17 AM PT


This is the second part of a five-part series. To read the first part, click here. 

Yesterday we learned that cloned tissue can be transplanted into animals without rejection, can rebuild organs, and can fix genetic flaws. But we haven't proved we can grow all this tissue in vitro. Why not? Will we have to grow it in vivo—in an embryo?

Here are three possible answers. The first is that tissue production in the lab just needs time. If you look at the latest studies, you'll see progress in differentiation—growing human embryonic stem (or hES) cells into blood, heart tissue, and dopamine neurons. Scientists are trying hard. They're learning to make tissues more efficiently and with higher quality.

But you'll also see them struggling. They confess their inability to make hES cells become exactly what we want. They lament how long it takes. They concede that the resulting cells are immature and incompletely specialized. They regret their ignorance about which recipes produce which tissues. They apologize for the low volume of output and blame this for the lack of studies testing whether lab-grown tissues are safe and effective in transplants. They worry that the tissues might flunk that test.

Look at the recent cardiac and neural studies. It takes eight weeks to make midbrain dopamine neurons—the same time required in vivo—and only 10 to 20 percent of the resulting cells have even immature versions of the synaptic contacts that define neurons. It takes eight weeks to make hES cells functionally equivalent to some adult heart cells, and they still don't replicate the variety of adult cells. This is progress, but it's chasing a standard set by nature. The authors admit they're trying to "mimic" and "recapitulate" embryonic development.

Maybe there's something about embryonic development that cloning can't recapitulate. That's a second possibility. Last year, in a review of recent studies, Czech and Japanese researchers theorized that nature corrects some gene-related errors during embryonic production of germ cells, which form the next generation. Cloned embryos skip this editing process, since they come from regular body cells, not germ cells. Consequently, the researchers argued, these embryos might have fatal errors that could be corrected if they were allowed to "pass through the germ-cell formation processes." But as we saw yesterday, that would mean growing embryos for at least five weeks.

Even if we did that, it wouldn't address the original problem: Why have transplant scientists succeeded with tissue grown in vivo but not in vitro? The cardiac study offers a clue: Each part of the cell cluster the researchers grew from hES cells became a distinct type of tissue, depending on "its unique microenvironment." To grow a particular tissue from hES cells, you have to put them in a particular place, and that place has to be dynamic. As Nature explained two months ago:

Some researchers argue that providing an appropriate three-dimensional environment in which signals come from the right direction will matter as much as using the right biochemicals. The same may go for getting stem cells to give rise to the appropriate tissues. … [M]ost researchers working with embryonic stem cells are trying to get them to differentiate into specific cell types in the lab. But to unlock the cells' potential fully, biologists may need to find ways to recapitulate the changing microenvironments that characterize the long journey from embryonic stem cell to adult tissue.

This points to a third possibility: We can't produce some tissues precisely or efficiently outside the embryo, because the embryo is what produces them. Maybe that's why the 2002 study of cloning and gene therapy, which we looked at yesterday, succeeded with cells differentiated in vivo but failed with genetically identical cells differentiated in vitro. At the time, pro-lifers pounced on the study, arguing that it proved the superiority of "adult" stem cells. The war between adult and embryonic stem cells drowned out the deeper issue of in vivo differentiation.

And maybe that's why pro-lifers missed the biggest in vivo differentiation story since then, which involved neither hES cells nor adult stem-cell therapy. Four months ago, Japanese researchers reported, "Anatomically complicated organs such as the kidney and lung, which are comprised of several different cell types and have a sophisticated 3-dimensional organization and cellular communication, have proven more refractory to stem cell-based regenerative techniques." But the researchers brought good news: They had figured out how to beat the problem. They had demonstrated a way to grow human adult bone marrow stem cells into kidney tissue: by putting the cells in embryonic rats.

The embryos had gestated for nine to 10 days—in human terms, about four months. The researchers extracted them from their mothers, injected the human cells into regions of the embryos where kidneys were forming, and cultured the embryos in vitro for two days. The researchers called this process "whole-embryo culture." While it was going on, the embryos somehow caused the human bone-marrow stem cells to become capable of producing kidney tissue. The embryos died, but the researchers removed the developing kidneys and cultured them separately for another six days. They reported that "kidney rudiments continued to grow."

The authors concluded that putting marrow stem cells "in a specific organ location in whole-embryo culture can commit them to the fate of that organ." The cells "could be reprogrammed for other fates and organ structures, depending on the embryonic environment," they added. This validated the microenvironment theory subsequently outlined in Nature. But it also validated something larger. Nature pointed out that stem-cell researchers were trying to reproduce "changing" microenvironments. The Japanese study showed that the easiest way to reproduce these changing microenvironments was to reproduce the macroenvironment that changed them: the embryo. As the authors noted, "Only the [marrow cells] differentiated in the whole embryo are able to express kidney-specific gene[s] after organ culture."

The authors called this "an in vitro organ factory." Technically, that was correct, since the factory was in a lab dish. But the factory itself was a rat. The human cells were inside a living organ inside a living being inside a dish. The distinction between in vivo and in vitro had collapsed. So had the barrier to making transplantable tissue. The report's final sentence said it all: "Here, we have demonstrated a system that might provide the means to generate self-organs … by using the inherent developmental system of an immunocompromised xenogeneic host."

Inherent developmental system. That's the key: a 9-day rat, a 4-week pig, a 6-week calf. But those are all foreign species—"xenogeneic," in the language of the Japanese study. They have to be "immunocompromised"—deprived of the ability to reject your cells—because their DNA doesn't match yours. The only developmental system that doesn't have to be immunocompromised is your clone.

Don't be scared. We don't have to grow a whole new you. Judging from the studies we looked at yesterday, an embryo cloned from one of your cells would need just six or seven weeks to grow many of the tissues you need. We already condone harvesting of cells from cloned human embryos for the first two weeks. Why stop there? We'll tackle that question tomorrow.


From: William Saletan
Subject: Part 3. The Too-Weak Rule
Posted Wednesday, July 27, 2005, at 4:11 AM PT


This is the third part of a five-part series. To read the first part, click here. To read the second, click here. 

Yesterday we learned that human embryonic stem-cell (or hES) research might take too long to produce the transplantable tissue many patients need. To save their lives, we might need to grow embryos beyond the 14-day limit on which governments previously agreed.

Why did we draw this limit in the first place? Is it really worth letting people die?

Legislative references to the 14-day rule cite ethics committee reports. The most influential of these reports were sponsored by the U.S. government (1979, 1994, 1999, 2004), Britain (1984), Australia (1984), Canada (1994), California (2002), the leading U.S. IVF medical association (the American Fertility Society, 1986 and 1990), and a leading U.S. biotech company (Advanced Cell Technology, 2000). If you read these reports, the first thing you'll notice is that they refer to each other. We've agreed to the line because we've agreed to it—and could just as easily move it. The next thing you'll see is that many of them admit that the date is "arbitrary." The British report, from which others copied the rule, concedes that "biologically there is no one single identifiable stage in the development of the embryo beyond which the in vitro embryo should not be kept alive."

So, what's the line based on, besides itself? Officially, a convergence of four principles: individuality, organization, implantation, and neural development. But the principles don't really converge. We stretched them to allow research up to 14 days, based on a fifth principle: utility. We can stretch them beyond 14 days for the same reason.

Start with individuality. About two weeks after conception, the human embryo develops an alignment of cells called the primitive streak. Until this moment, according to the California report, "the pre-embryo is not necessarily one individual—it could lead to identical twins." If it isn't an individual, it can't have a soul or be a person, so it's eligible for research. I've never found this argument reassuring, since it just means we could be aborting two embryos instead of one. But what's interesting is how we came up with the argument.

We didn't pick the 14-day line based on twinning. We drew the line first, then added the twinning rationale. The 1979 U.S. report that first authorized the 14-day line never mentions twinning. Neither does the 1984 Australian report. The British report does, but its lead author, Mary Warnock, explained in a memoir last year that implantation and neural development drove her committee's decision, and individuality was just "another factor." Not until 1994 did government reports make twinning a central theme.

It took plenty of gymnastics to play up the minuscule probability that the embryo would twin while playing down the far greater probability that it would become a baby. The Canadian report suggests that early embryos are no big deal, since "only half of all fertilized eggs survive embryo and fetal development and result in live births." ACT's analysis says the "very high rate of early embryo loss" makes these embryos less valuable. The California report adds, "Only about 40 percent of fertilized eggs ever reach the primitive streak stage." Yet all three reports cite the possibility of twinning as grounds to doubt an embryo's individuality. None of them mentions that the probability of twinning is less than half a percent.

Moreover, twinning doesn't start at 14 days; it ends there. If you wanted to minimize the risk that embryos used in research were individuals—i.e., if you wanted to maximize the chance that they might twin—you'd ban research before the blastocyst stage, when most twinning occurs. That would preclude hES research. The longer you wait, the lower the odds of twinning, and the more certain it is that what you're dissecting is an individual. Fourteen days is when you can no longer tell yourself there's the slightest shred of doubt. The only reason to draw the line that late is to maximize the opportunity for research.

We've stretched the second principle, organization, the same way. The argument for the 14-day rule on this basis is that embryos aren't sacred till they're organized, and they aren't organized till the primitive streak. Early government reports acknowledged that the streak was an "appearance," "mark," or "indicator" of organization. It wasn't necessarily a turning point in reality; it was just the first thing we could see. But as embryos became a more promising medical resource, we reinterpreted the streak as a line in nature. The 1999 U.S. report declared, "At 14 days, the first stages of organized development begin." Two years later, senators embraced the argument, offered by a biotech industry ethicist, that "nature begins by drawing a line on those cells. It's called primitive streak."

Unfortunately, nature doesn't draw lines for our visual benefit. It organizes the embryo well before we see the streak. In 1986 the American Fertility Society explained, "Two divisions after the 8-cell stage, the 32 blastomeres are increasingly adherent, closely packed, and no longer of equal developmental potential. The impression now conveyed is of a multicellular entity, rather than of a loose packet of identical cells." In the blastocyst stage, "The populations of inner and outer cells become increasingly different, not only in position and shape but in synthetic activities." The streak, which appears later, is simply "the visual indication" of an embryonic axis.

The streak, in other words, is a lot like quickening, the point at which a woman can feel a fetus moving inside her. We used to think it was fine to purge the womb before quickening, since we couldn't detect a living fetus. Then we developed ultrasound and saw what was going on. Now we're learning to detect embryonic organization before the streak. Indeed, we're detecting it before the blastocyst. But that gets in the way of hES research, so we've decided that organization before the streak isn't "embryonic" organization.

That brings us to the third principle: implantation. Politicians who favor embryo research up to this point argue that an embryo doesn't acquire the potential for life until it takes root in the womb. Ethics reports don't explain the distinction, but they all invoke it. The 1979 U.S. report approves research if "no embryos will be sustained in vitro beyond the stage normally associated with the completion of implantation." The Australian report bars research "beyond the stage of implantation, which is completed 14 days after fertilization." The Canadian report says the 14th day is "the point at which the zygote has normally completed its implantation." The British report says this marks "the end of the implantation stage."

Notice the pattern? Implantation is "complete" at 14 days. (Some biologists say it's really 12.) When does implantation begin? At seven days, according to the Canadian report. That's too tight for hES research, so we stretched the timeline of implantation, just as we stretched the timelines of twinning and organization. Since then, we've come to equate implantation with 14 days, just as we've come to equate organization with the primitive streak. By 2004, Mary Warnock was erroneously declaring that the 14-day limit chosen by her British committee in 1984 matched "the time when an embryo in the uterus was likely to attach itself to the uterine wall."

These are just a few of the lines we've pushed forward. Government committees originally approved embryo research to help people have babies; now we're doing research to get tissue for transplants. President Bush agreed to fund hES research on cell lines derived before Aug. 9, 2001; now Congress wants to lift the date restriction. Research advocates swore to use only embryos left over from IVF; now they're proposing to clone embryos for research. You can argue the merits of these shifts, but the bottom line is that the only constant in the ethics of embryo research is change.

Are we ready for one more change? Having pushed the line to 14 days, can we push it further? Sure we can. Tomorrow, we'll find out how.


From: William Saletan
Subject: Part 4. Wiggle Room
Posted Thursday, July 28, 2005, at 7:46 AM PT


On Monday and Tuesday, we reviewed recent studies and learned that we could hasten life-saving tissue transplants by growing donor embryos for six or seven weeks. Yesterday we looked at the chief obstacle to that idea—the ethical rule against research beyond 14 days—and discovered that we'd already stretched our principles to allow harvesting of cells up to that stage. Can we stretch our principles further? Yes. All of them can be extended a few days. Most can be extended a few weeks or longer. 

Let's recap the ethics committee reports that laid down the 14-day rule. They come from the U.S. government (1979, 1994, 1999, 2004), Britain (1984), Australia (1984), Canada (1994), California (2002), the leading U.S. IVF medical association (the American Fertility Society, 1986 and 1990), and a leading U.S. biotech company (Advanced Cell Technology, 2000). They drew the line based on five principles: individuality, organization, implantation, neural development, and utility.

Of these principles, individuality is the strictest: Once the primitive streak (a telltale alignment of cells) appears, we know the embryo is an individual and won't become twins. Fortunately, this principle is also the least important, since it doesn't affect the fact that we're aborting at least one embryo. The second criterion, organization, is easier to adjust, since it's a continuum. That leaves three other principles. Today we'll focus on utility and neural development. Tomorrow we'll talk about implantation. 

The ethics reports don't explain utility as a principle, but they all invoke it. In her memoir, Mary Warnock, the lead author of the British report, says her committee's task was "to recommend a policy which might allow the sort of medical and scientific progress which was in the public interest." The 1994 U.S. report notes that under a 14-day rule, "Work on embryonic stem cells, their differentiation and their therapeutic potential, could proceed." The Canadian report argues that the rule "balances the concerns … in favour of beneficial experimentation." Even Leon Kass, the chairman of President Bush's bioethics council, says the council, in deference to "those who care about these things," suggested a 10-day cutoff (and later extended it to 14) so as "not to get in the way of the derivation of stem cells." Sen. Dianne Feinstein, D-Calif., has proposed a legislative line at 14 days because embryos beyond that point are "no longer useful for the purposes of embryonic stem cell research."

The studies we reviewed Monday and Tuesday suggest that these conclusions, while true of stem-cell research, aren't true of "beneficial experimentation" and "medical and scientific progress." Embryos are more useful after 14 days. The utility line has moved.

What about neural development? That's the most commonly cited basis for the 14-day rule. The argument is that it's OK to dissect embryos if they can't think or feel pain. But there's something odd about the way ethics reports apply this principle. They stretch the timelines of twinning and implantation as far as possible to justify research up to 14 days. They do just the opposite with neural development, drawing the line far earlier than they have to. Why? No doubt because 14 days seemed to be enough to get what we needed. Now that we know it isn't, we've got plenty of room to push the neural line forward.

The ethics committees invite us to take this wiggle room if we need it. The 1979 U.S. report draws on contributions from four scholars. One opposes all exploitation of embryos; another says the embryo isn't "truly human" until "two to three weeks after conception"; two others draw the line at primitive sentience and the development of brain tissue. Warnock's memoir says the British committee accepted the 14-day line to "err on the side of extreme caution" and satisfy skeptics that "embryos would not be subjected to suffering." But she argues, "This would still have been true, if we had set a later limit." She says the neural principle could permit research "probably for much longer."

The 1994 U.S. report agrees: "There is no neural tissue whatsoever before the appearance of the primitive streak; hence, there is no possibility of any kind of sentience." The report mentions that some of its authors "wondered whether it might be permissible to extend research briefly beyond the primitive streak stage, since sentience is not possible until considerably later." The California report says, "The development of a nervous system and any possibility of feeling sensations comes much later than the appearance of the primitive streak." The AFS committee notes that "the preembryo does not have the differentiated organs, much less the developed brain, nervous system, and capacity for sentience that legal subjects ordinarily have." The AFS report endorses a 14-day limit only because "it seems prudent at this time."

Well, times have changed. We need more developed tissue. Let's see how far we can get with the principles we've stated. To begin with, the primitive streak isn't really at 14 days. The British report puts it at 15 days. The Canadian report puts it at 15 to 16 days. The British Royal College of Obstetricians and Gynecologists, citing "early neural development," proposes a 17-day limit. The California report, citing variable timing of the streak, offers an outside limit of 18 days. The 1994 U.S. report says research of "outstanding merit" might justifiably be funded until "the beginning of closure of the neural tube … between days 17 and 21." The British report outlines an argument for extending the line to 22 or 23 days, "when the neural tube begins to close."

Now we're through the third week. Let's press on. In its submission to the Warnock committee, Britain's national academy of science, the Royal Society, rejects the 14-day line as "unduly restrictive, especially as it does not take into account the important question of embryonic organization." When does such organization truly begin? "The fourth week," says the society. On the current U.S. bioethics council, panelist Michael Gazzaniga argues that moral concepts make no sense until the embryo has a brain, "so one could say that you at least needed the presence of a nervous system, and a nervous system doesn't start forming for four or five weeks."

We're almost there. In its recommendations to the Warnock committee, Britain's Council for Science and Society says embryo research is unobjectionable when "there is no possibility of any sense of pain." This possibility arises "only after the fetus has developed a nervous system, six weeks after pregnancy being earliest." The council extends this policy to a scenario in which "whole embryos might be grown in vitro for use as replacement tissue." The 1979 U.S. report adds that under proposals to draw the line at "primitive sentience," the "transition from embryonic to fetal status (at the eighth week of gestation) or, at the latest, the tenth gestational week of fetal development would seem to mark the transition from non-protected to protected status."

We made it. At seven weeks, we've reached what the Israeli kidney study called the "window of human … embryogenesis that may be optimal for transplantation." At seven weeks, the Lanza-West research team had extracted transplantable cardiac tissue from calfs (which gestate at roughly the same rate as humans) and were beginning to get transplantable kidney cells. Seven weeks also gets us primordial germ cells, which, according to the Gearhart study (reviewed Monday) and the Czech-Japanese analysis (reviewed Tuesday), might produce safer tissue than we're getting from cloning-derived embryonic stem cells.

Utility, organization, and neural development all justify a new ethical line at eight weeks. This matches the medical definition of an embryo: "the developing human individual from the time of implantation to the end of the eighth week after conception." By drawing a bright line between the embryo and the fetus, we avoid the moral perils of "fetus farming." The only remaining problem is that we promised not to authorize implantation of embryos for research, and without implantation, we can't grow them long enough to get differentiated tissues. Or can we? We'll explore that question tomorrow.


From: William Saletan
Subject: Part 5. The Mouse and the Rat
Updated Friday, July 29, 2005, at 2:19 PM PT


This is the conclusion of a five-part series. To read the first part, click here. To read the second, click here. For the third, click here. For the fourth, click here.
Three days ago, we looked at a study in which Japanese scientists extracted rat embryos from wombs, cultured them in lab dishes, and used them as hosts to grow transplantable kidney tissue from human stem cells. The scientists called this an "in vitro organ factory" based on "whole-embryo culture." 

Yesterday I talked to Dr. Helen Liu, a researcher at Cornell University's Center for Reproductive Medicine and Infertility. She has grown artificial womb tissue in the lab, put mouse embryos on it, and watched them implant and develop. After a week, she moved some of them to the abdominal cavities of adult mice. At 17 days—four days shy of full term—she took them all out. The embryos in vitro had died, but not before developing functional hearts. The embryos in vivo, which had spent nearly half their gestation in vitro—and none of it in a womb—seemed small but otherwise normal. They looked, says Dr. Liu, like "a well-formed, healthy mouse with eyes, with legs, with a tail."

The purposes of the two experiments couldn't have been more different. Dr. Liu helps women with fertility problems. She's trying to grow babies, not organs. But her methods fit the rat study like a key in a lock. The rat embryos had to be grown halfway to term in the womb, and they died soon after being removed. The mouse embryos grew to the same stage—and in many cases beyond it—outside the womb. Put the two technologies together, and you can grow organs in embryos without ever implanting them in a womb.

The rat study shredded the distinction between in vivo and in vitro. The human cells were inside an organ inside an embryo inside a dish. But the mouse study added a third, crucial in vivo layer: a blanket of womb tissue (endometrium) between the embryo and the dish. That's why Dr. Liu's mouse embryos, unlike mouse embryos in previous experiments, kept growing. Other researchers "only culture them in vitro, without any of the endometrium," she says. "Mine is with engineered endometrium tissue. This tissue is sort of like in vivo. … The embryo and the endometrium must interact with each other, and the endometrium must produce a lot of factors to support embryo growth."

Why did she engineer the womb tissue? Because medicine demanded it. Some infertility patients have physical difficulty with implantation or pregnancy. If the embryo won't come to the womb, maybe the womb can come to the embryo. 

But soon medicine may demand something else. The science we examined Monday and Tuesday suggests that to save patients suffering from some diseases, we might need to grow transplantable tissues in embryos. The ethics we studied Wednesday and Thursday indicate that we could grow embryos for several weeks based on many of the same principles—organization, neural development, utility—that already justify research up to 14 days. But we left out one principle and one problem: implantation.

Ethics committees have generally forbidden implantation of embryos used in research. They've done this to draw a bright line between embryos for procreation and embryos for research. The line assured us that research embryos weren't really potential people, since they lacked the womb necessary for development. It also spared us the trouble of figuring out how many days or weeks we should let them grow. As Canada's national ethics report put it 11 years ago, "Researchers have not to date been able to keep human zygotes developing normally in vitro beyond 7 days, so there is no realistic possibility, for the foreseeable future, of experimenting on zygotes that have reached the stage of individuation."

Well, now there's a realistic possibility. Dr. Liu says she has grown human embryos to 10 days in artificial wombs, and the only reason she stopped at that point was to comply with the 14-day rule. That was four years ago, before she grew mice nearly to term. The technology is always improving, and as we saw yesterday, it's easy to relax the 14-day rule. We gained some control of the implantation line three decades ago when we invented in vitro fertilization. Now we can push the line forward, and maybe get rid of it.

You could argue that implantation in a dish is still implantation. But it shatters our moral understanding of the word. Two months ago, when the House passed legislation to expand funding of embryonic stem cell research, Rep. Dana Rohrabacher, R-Calif., explained, "Those leftover eggs will have no potential ever of becoming a human being unless they are implanted in a woman's body." Sen. Orrin Hatch, R-Utah, declared, "I do not believe that life begins in a Petri dish." Really? Were the mice with beating hearts in Dr. Liu's lab not alive? How about the human embryos? Are they fair game for research—not Dr. Liu's kind, but the kind we saw in the rat study—until they're transferred to a woman's body? How many weeks of in-vivo-in-vitro tissue differentiation will that buy us?

Our legal system is completely unprepared. Massachusetts used to define an "unborn child" as "the individual human life in existence and developing from fertilization until birth." This year, as part of a stem-cell research bill, it changed that definition to "the individual human life in existence and developing from implantation of the embryo in the uterus until birth." New Hampshire law says, "No preembryo that has been donated for use in research shall be transferred to a uterine cavity." But what if there's no cavity? What if there's no transfer? What if the embryo never implants "in the uterus"?

Ethics reports are blind, too. The latest one, issued last year by President Bush's bioethics council, calls for a ban on 1) "the transfer of a human embryo (produced ex vivo) to a woman's uterus for any purpose other than to attempt to produce a live-born child" and 2) "the transfer, for any purpose, of any human embryo into the body of any member of a nonhuman species." Neither provision bars a combination of the rat and mouse experiments—whole-embryo organ culture in an artificial womb—using human embryos.

Step by step, science is erasing the moral distinctions that kept us safe and sane. Artificial wombs erase the line between in vitro embryos and implanted embryos. Whole-embryo organ culture erases the line between therapeutic and reproductive cloning. Alternative stem-cell proposals, now before the Senate, erase the line between adult and embryonic stem cells. Adult can become embryonic. Implantation can be in vitro. Reproduction, at least through the early weeks of development, can be therapeutic.

Even the definition of the embryo is blurring. Under a proposal by William Hurlbut, a member of Bush's bioethics council, a single genetic tweak could turn a would-be embryo into a "clonal artifact" that "might legitimately be developed within artificial microenvironments beyond 14 days. This would allow the production of more advanced cell types, the study of tissue interactions and the formation of primordial organismal parts." Why has Hurlbut, a pro-lifer, invited scientists to grow and exploit near-embryos in artificial environments beyond 14 days? Because he knows that the demand for parts and tissues, combined with the difficulty of making them from stem cells, will build pressure to lift the 14-day limit on the real thing.

None of this is what Dr. Liu had in mind. She wants to transplant embryos back into the womb once they've developed far enough. Trying to replicate later stages of pregnancy in the lab is "too complicated," she says. That's a big problem if, like her, you want a baby. But if all you want is tissue, who cares? You can tell yourself what we already tell ourselves about unwanted in vitro embryos: They're doomed anyway. Patients' lives are at stake. We can't let personal morality get in the way of science. We can't wait.

But that's the funny thing: We are waiting. Every day that we don't grow embryos beyond two weeks for their tissue, we're waiting. I wonder why.

William Saletan is Slate's national correspondent and author of Bearing Right: How Conservatives Won the Abortion War.
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